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Abstract: The combination of magnetic and plasmonic properties at the nanoscale promises the de-
velopment of novel synergetic image-guided therapy strategies for the treatment of cancer and other
diseases, but the fabrication of non-contaminated magneto-plasmonic nanocomposites suitable for
biological applications is difficult within traditional chemical methods. Here, we describe a meth-
odology based on laser ablation from Fe target in the presence of preliminarily ablated water-dis-
persed Au nanoparticles (NPs) to synthesize ultrapure bare (ligand-free) core-satellite nanostruc-
tures, consisting of large (several tens of nm) Fe-based core decorated by small (mean size 7.5 nm)
Au NPs. The presence of the Fe-based core conditions a relatively strong magnetic response of the
nanostructures (magnetization of >12.6 emu/g), while the Au NPs-based satellite shell provides a
broad extinction peak centered at 550 nm with a long tale in the near-infrared to overlap with the
region of relative tissue transparency (650-950 nm). We also discuss possible mechanisms responsi-
ble for the formation of the magnetic-plasmonic nanocomposites. We finally demonstrate a protocol
to enhance colloidal stability of the core-satellites in biological environment by their coating with
different polymers (PEG-silane, PAAC, CMD, etc.). Exempt of toxic impurities and combining
strong magnetic and plasmonic responses, the formed core-satellite nanocomposites promise the
advancement of multifunctional modalities of image-guided therapies.

Keywords: nanoparticles, laser ablation in liquids, gold, iron, core-satellite, IR hyperthermia, mod-
eling.

1. Introduction

Recent advances in the development of nanotechnologies have led to the emergence
of novel diagnostic and therapeutic modalities based on new nanomaterials[1-3]. Much
attention in this field is given to plasmonic nanoparticles (NPs), which are capable of
providing a variety of phenomena, including resonant optical extinction (absorption +
scattering) in the visible and near infrared (near-IR) range[4], strong local field enhance-
ment[5], resistance to photobleaching and highly efficient photothermal conversion[6].
Gold (Au) NPs present the most widely explored plasmonic nanomaterial[7] due to its
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chemical stability, biocompatibility[8] and the availability of simple surface functionaliza-
tion protocols via thiol chemistry[9]. Au NPs were successfully used in therapeutic mo-
dalities, including photo-induced hyperthermia[10] and in diagnostic modalities, includ-
ing optical coherence tomography[11], photoacoustic tomography[12], and confocal re-
flectance microscopy[13]. Magnetic NPs represent another appealing class of nanomateri-
als for biomedical applications[14]. These NPs can be guided by external magnetic fields
both in vitro and in vivo to enable a series of therapeutic and diagnostic modalities, includ-
ing magnetic resonance imaging[15], magnetic separation of cells and proteins[16], con-
trollable drug delivery[17] and magnetic hyperthermia[18]. Among magnetic materials,
iron (Fe)-based NPs are considered to be the most promising due to their biocompatibility,
biodegradability and strong magnetic response[14].

The combination of plasmonic and magnetic functionalities within a single nanofor-
mulation looks especially interesting as it promises a synergetic enhancement of involved
therapeutic and diagnostic modalities. Fe-Au magneto-plasmonic nanostructures are typ-
ically composed of a Fe-based core, covered by an Au shell (Fe@Au core-shells), which
makes possible both magnetic response and the generation of plasmonic extinction peak
in the visible and near-IR range[19]. Core-satellite structures present one of promising
variations of Fe@Au core-shell geometry, in which relatively large (>50 nm) Fe-based NPs
are decorated by a layer (layers) of small (<10 nm) Au NPs[20-25] (Fe@Au core-satellites).
These structures not only enable magneto-plasmonic response, but also offer a large sur-
face for the conjugation with various functional biomolecules, as the surface area of satel-
lite material (Au) is much larger compared to alternative structures of similar size (spher-
ical nanoparticles, classical core-shells with completely covered core surface). However,
advantages provided by the core-satellite structures are usually compromised by a high
cost and complexity of synthesis procedures[20-22]. In fact, conventional chemical routes
imply stepwise processes, in which preliminarily prepared Au and Fe oxide NPs are first
functionalized by appropriate ligands, which renders possible a subsequent assembling
of the core-satellites[23-25]. Such techniques provide relatively good control of size, com-
position, and structure of the Fe@Au core-satellites, but the use of ligands blocks surfaces
of Fe or Au (or both), which complicates their further conjugation with functional biomol-
ecules and protective biopolymers. Moreover, biomedical applications of chemically syn-
thesized NPs often have limitations due to the presence of toxic impurities originated from
precursors or incomplete reactions. Another synthesis pathway is based on X-ray radiol-
ysis of HAuCl4 in colloidal solutions of Fe oxide NPs in the presence of a number of dif-
ferent chemical substances [26], but this approach is also not free of residual contamina-
tion problems and requires sophisticated and costly equipment.

Pulsed laser ablation is an alternative nanofabrication pathway capable of producing
nanostructures with various geometries, including the core-shell one. This approach is
based on a natural production of nanoclusters during the action of laser radiation on a
solid target[27]. When produced in a gaseous medium, the nanoclusters can be deposited
on a substrate to form a thin nanostructured film[28], while pulsed laser ablation in liquids
(PLAL) leads to the release of nanoclusters into the liquid medium to form a colloidal
solution[29]. A high efficiency and cleanness of this method made it highly suitable for a
plethora of applications in biomedicine[3,30,31]. As an example, we recently elaborated
the technique of femtosecond (fs) laser ablation in water and organic solvents, which re-
sults in size controllable synthesis of NPs from a variety of materials, including Au[8],
5i[32], TiN[33], organic materials[34], and demonstrated their biosafety[35] and great po-
tential for biomedical tasks.

PLAL has already been explored in the synthesis of Fe-Au NPs with diverse geome-
tries. Barcikowski et al. ablated Au-Fe alloy target and found that structure of the pro-
duced core-shell NPs depends on NPs size and nature of the liquid media[36,37], while
Amendola et al. demonstrated that nanosecond laser ablation from an Au-Fe alloy target
or layers of alternating Au and Fe thin films in water and ethanol results in formation of
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Fe-Au NPs of alloy or core-shell geometry[38,39]. It was shown that such NPs have re- 100
markable magnetic and plasmonic properties and are promising for magnetic resonance 101
imaging (MRI), SERS and computer tomography (CT) applications[38]. 102

Herein, we further extend the capabilities of laser-ablative methodology toward syn- 103
thesis of core-satellite magneto-plasmonic structures. Our approach is based on fs laser 104
ablation from Fe target in aqueous colloidal solutions of small (< 10 nm) Au NPs, prelim- 105
inarily prepared by PLAL. We show that the formed FexOy@Au (x, y — variables) core- 106
satellites exhibit good magnetic properties and significant optical extinction in the 107
window of biological tissue transparency. We then use different polymers to coat the core- 108
shell nanocomposites and show that such a coating leads to their colloidal stabilization 109
even under storage in high ionic strength solutions. Such nanocomposites are promising 110

for multimodal magneto-optical biomedical applications. 111
2. Materials and Methods 112
2.1. Synthesis of nanoparticles. 113

For the synthesis of FexOy@Au core-satellite nanocomposites we modified two-step 114
method of fs PLAL, which was previously developed by our group for the preparation of 115
Gold-Silicon core-shell NPs[40,41]. A schematic diagram of the synthesis procedure is 116
shown in Figure 1. During the first step we synthesized Au NPs with mean size 7.5 nm 117
using radiation from the Yb:KGW laser (420 fs, 1025 nm, 10 kHz, 50 pJ) focused by a 75 118
mm lens on surface of a gold target (99.99 %, GoodFellow) immersed in 10 mL of 1 mM 119
aqueous NaCl solution, and placed 10 mm below the liquid surface. As previously 120
demonstrated[42,43], the addition of NaCl to water improves colloidal stability of laser- 121
synthesized Au NPs and provides in situ control of the mean size of Au NPs by adjustment 122
of NaCl concentration. The Au target was continuously moved perpendicular to the laser 123
beam at a speed of 2 mm/s to avoid ablation from the same point. Duration of the synthesis 124
was 20 min. Mass concentrations of synthesized Au NPs was 0.1 g/L. During the second 125
step of the synthesis, a metallic Fe target (99.99 %, GoodFellow) was placed at the bottom 126
of the glass vessel filled with the colloidal solutions of Au NPs prepared in the first step 127
and laser ablation was performed with the same laser, but with slightly modified param- 128
eters (repetition rate 5 kHz, pulse energy 100 pJ) for 15 minutes. 129

STEP 1 STEP 2

7.5 nm Au NPs
' : Fe oxide
..,
Au target in ® ® Fe target in
aqueous NaCl >\ e o8 V solution of 7.5 nm
(1 mM) - / i Au NPs

Figure 1. Schematic diagram of two-step PLAL synthesis of core-satellite Au-Fe NPs.

130

Non-reacted Au NPs were eliminated by magnetic separation step. For this a NdFeB 131
magnet was placed for 5 min next to the bottom of the test tube filled with the colloidal 132
solutions of NPs. The magnet attracted magnetic fraction of NPs to the bottom, while non- 133
magnetic NPs remained dispersed in the solution. Then the solution from the upper part 134
of the test tube was discarded leaving about 20 uL at the bottom and the test tube was 135
refilled with fresh 1 mM aqueous NaCl solution. The NPs remaining in the test tube were 136
re-dispersed by an ultrasonication step. The procedure was repeated 2 times to ensure 137
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good separation of NPs. The obtained solutions were used for further experiments and 138
characterization. 139

2.2. Coating of nanoparticles. 140

Polyethylenimine (PEI) branched 25 kDa, polyallylamine (PAA) hydrochloride 17.5 141
kDa, carboxymethyl-dextran (CMD) sodium salt, polyacrylic acid (PAAC) sodium salt5.1 142
kDa, polyethylene glycol-silane (PEG-silane) 5kDa, ammonium hydroxide 30% were pur- 143
chased from Sigma. 144

NPs coating by CMD, PAAC, PAA and PEI polymers was performed by coincubation 145
procedure. 200 pL of NPs suspension was mixed with 200 uL of 10% w/v solution of a 146
polymer in distilled water. Then, the mixture was ultrasonicated, heated to 80 °C for 1h, 147
cooled to room temperature and the NPs were washed 3 times with water by centrifuga- 148
tion (20 000 g, 20 min). 149

NPs coating by PEG was performed by PEG-silane hydrolysis. For this 1 mg of NPs 150
were centrifuged at 20 000 g for 20 min and redispersed in dry ethanol. After that 10 pL 151
of 30% hydroxide ammonia and 50 puL of water were added to the suspension and NPs 152
were thoroughly ultrasonicated. Then 100 pg of PEG-silane in 100 pL of dry ethanol were 153
added dropwise, the tube was shaken and heated to 60 °C for 2 h. Then, NPs were washed 154
by centrifugation (20 000 g, 20 min) form unreacted chemicals 1 time with ethanol and 2 155
times with water. 156

2.3. Characterization of nanoparticles. 157

Morphology, structure, size, and composition of the synthesized NPs were charac- 158
terized by a high resolution transmission electron microscope (HR-TEM, JEM 3010, JEOL, 159
Japan) operating at 300 kV and by a scanning electron microscope (SEM, MAIA 3, Tescan, 160
Czech Republic) operating at 0.1 — 30 kV coupled with an energy dispersive spectroscopy 161
(EDS) detector (X-act, Oxford Instruments, UK). Samples for the electron microscopy were 162
prepared by dropping 1 pL of a NPs solution onto a carbon-coated copper grid (for HR- 163
TEM imaging) or onto a cleaned silicon substrate (for SEM imaging) and subsequent dry- 164
ing at ambient conditions. 165

C - potential and hydrodynamic size were measured using a Zetasizer ZS instrument 166
(Malvern Instruments, UK) capable of measuring dynamic light scattering (DLS). Concen- 167
trations of NPs solutions were determined by measuring the ablation target weight before 168
and after the ablation step and by dividing this mass difference by the ablation liquid 169
volume. 170

Optical extinction spectra were measured by a UV-VIS spectrophotometer (UV- 171
2600, Shimadzu, Japan) using plastic cuvettes with 10 mm optical path length (for bare 172
NPs) or in 100 pL volume of 96-well plastic plate using Infinite M1000Pro (Tecan) micro- 173
plate reader (for polymer coated NPs). 174

Magnetic properties of the NPs were measured using a superconducting quantum 175
interference device (SQUID; Quantum Design, MPMS XL) magnetometer. Magnetic 176
curves M(H), where M is the magnetization and H is the applied magnetic field, were 177
measured at T =300 and 5 K. The zero-field cooling/field cooling (ZFC/FC) measurements 178
at H=100 Oe were also performed on the SQUID. In this purpose, the ZFC temperature 179
dependences of the magnetization were measured by cooling the sample from 325to 5K 180
and then applying a field of 100 Oe to record the magnetization, while the sample was 181
heated from 5 to 325 K. The field cooled (FC) measurements were made with a field of 100 182
Oe applied during the cooling process. 183

2.4. Calculation of optical properties. 184

The extinction spectra of NPs were simulated using the electromagnetic Mie theory, 185
in which the numerical solutions are presented as infinite series of several combinations 186
of Bessel functions[44,45]. The numerical model was based on the implementation of 187
Yang's algorithm[46] for multilayered spheres[46,47] with the possibility of calculating 188
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the optical response of an ensemble of independent particles with a normal size distribu- 189
tion. Thus, the analytical solution for the light scattering by a multilayered sphere was 190
calculated by expressing the electromagnetic field inside each layer of the sphere as a lin- 191
ear combination of the inward and outward travelling waves. Each layer was character- 192
ized by a size parameter xi = 2mnuri/A = kri and by a relative refractive index mi = ni/nm, i= 193
1,2, .., L. Here, A is the incident wavelength in vacuum, r: is the outer radius of the i 194
layer, k is the propagation constant, and #n» and n: are the refractive index of the medium 195
outside the particle and its i component, respectively, and L is the total number of layers. 196
L =1 for spherical Au and Fe oxide NPs, while L =2 for core-satellites. 197

3. Results 198

Core-satellites were synthesized by two-step fs PLAL as described in Experimental 199
Section and schematically shown in Figure 1. The prepared colloids of nanocomposites 200
were almost black with a reddish-violet tint. To remove potentially unreacted Au NPs 201
from the colloid we separated magnetically active NPs by applying external magnetic 202
field. Before TEM and EDS imaging the colloidal solutions were additionally kept in a 203
dialysis tube (Serva Visking® 44120, pore diameter ca. 2.5 nm, buffer volume 3 L) for 20 204
hours to remove small amorphous iron oxide flakes. 205

The analysis of TEM images (Figure 2a) showed that most NPs had core-satellite ar- 206
chitectures with higher contrast of satellites, which evidences the presence of Fe and Au 207
in the core and satellites, respectively. At the same time, HR-TEM studies clearly demon- 208
strated polycrystalline structure of both the core and the satellites (Figure 2b). Figure 2c = 209
(inset) presents the chemical elemental mapping obtained by EDS technique in HR-TEM 210
mode. The figure confirms that, the core was formed uniquely by iron-based compounds, 211
while Au was presented only in satellites. As follows from size histogram depicted in 212
Figure 2c, the size of Fe-based cores varied between 10 and several tens of nm with the 213
mean size 30 nm, while the mean size of Au satellites was 7.5 nm. It should be noted that 214
the core-shells nanostructures with Au core and Fe-based shell were also formed (datanot 215
shown), when large (>10 nm) Au NPs were present in the colloid during the ablation of 216
Fe target. Similar tendency was earlier observed and explained for the synthesis of Fe ox- 217
ide@Au core@shell nanostructures by laser ablation of Au-Fe alloy targets in water[48]. 218

Optical examination of the colloidal solutions (Figure 2d) revealed that the core-sat- 219
ellites exhibited a strong extinction peak associated with the excitation of plasmon reso- 220
nance in Au NPs[4]. The position of this peak (green line in Figure 2d) was red shifted 221
compared to the plasmonic feature of pure Au NPs centered at 521 nm (red line in Figure 222
2d). Indeed, the plasmonic peak of the core-satellites was centered at 550 nm and had a 223
broad shoulder extending over 800 nm, which largely overlaps with the optical window 224
of relative tissue transparency (650-950 nm). Such a shift and broadening of the plasmonic 225
feature is explained by the formation of core-satellites nanostructures, in which the core 226
and the satellites are formed by dielectric Fe oxide and Au, respectively. 227

We then carried out a series of calculations to simulate the observed plasmonic re- 228
sponse. The numerical model was based on the implementation of Yang’s algorithm for 229
multilayered spheres. In the case of simple one-component NPs (pure Au or Fe oxide NPs) 230
the solution corresponds to the classical Mie theory. In the case of core-satellites, we 231
adopted the effective-medium Maxwell-Garnett approximation describing satellites as a 232
layer (shell) with effective optical properties[49,50]. The effective shell consists of a matrix 233
medium (water) with Au NPs as inclusions. The resulted spectra along with the calcula- 234
tion parameters are shown in Figure S1. The simulated extinction spectra are in a reason- 235
able agreement with the experimental results. Good agreement was observed for the 236
curves calculated for bare Fe oxide NPs and Au NPs. For the core-satellites, even though 237
the applied approximation disregards coupling between resonant plasmonic modes of Au 238
satellites, the general trend is still rather well reproduced, particularly the peak and the 239
slow decay of the extinction coefficient with increase of wavelength. 240

241
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Figure 2. Characterization of core-satellite Au-Fe NPs. (a) TEM image of the NPs. (b) HR-TEM
image of the NPs. (c) Size distibution of
amount of cores is multipied by 10). The inset demonstrates elemental mapping (Fe — blue, Au -

- Au sattelites and m - Fe oxide cores (note that

yellow) of the NPs measured by EDX technique. (d) Optical extinction spectra of — Fe oxide NPs,
— AuNPs and — core-satellite Au-Fe NPs.

We also investigated magnetic properties of the synthesized NPs. The results for pure
laser-synthesized Fe oxide NPs and for the core-satellite nanostructures are summarized
in Table 1. Hysteresis loops recorded at 5 K and 300 K are presented in Figure 3a. The
hysteresis loops at both temperatures were open and clearly showed ferromagnetic be-
havior of the NPs. The coercive field at 5 K was slightly larger than at 300 K. The saturation
magnetization (Ms) of core-satellites (Ms=12.3 emu/g at 300 K) was significantly lower than
Ms of bulk magnetite (92 emu/g)[51] or bulk maghemite (76 emu/g)[52]. The Ms of pure
laser-ablated Fe oxide NPs was 44.7 emu/g at 300 K. The decrease of the saturation mag-
netization values in comparison to bulk materials is typical for magnetic NPs[53] and it
depends on many factors, such as crystal structure, size, shape and surface properties[54].
The differences in saturation magnetization can also be due to spin disorder at the surface
of Fe oxide NPs[55]. Moreover, the decrease of Ms of core-satellite NPs was also caused
by a relative decrease of magnetic material per gram of the nanocomposites due to pres-
ence of Au satellites.

Table 1. Magnetization values of Fe oxide NPs and core-satellite Au-Fe NPs at 5 K and 300 K. Ms— magnetization saturation, Her —

intersections on the field axis at increasing and decreasing fields (Highy), He — coercive field, Hes — exchange bias field.
Type of NPs T,K Haery, Oe Highy, Oe Hc, Oe Hes, Oe Ms, emu g
Fe oxide 5 -1572 624 1098 -474 50.5
300 -109 110 109.5 ~0 44.7
Core-satellite 5 -643 534 588.5 -54.5 12.9

300 -134 132 133 0 12.3

242
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254
255
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257
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It is worth mentioning that magnetization hysteresis loops recorded at 5 K have a 258
clear negative shift from the origin along the field axis. This observation indicates a pres- 259
ence of an exchange bias field (Hes), which originates from the interface exchange cou- 260
pling between ferro (ferri)/antiferromagnetic[56]. The presence of exchange bias field can 261
also explain the high value of coercivity for the investigated NPs. Different phases of Fe 262
oxide in the nanocomposites, such as magnetite or maghemite, which are ferrimagnets, 263
and wustite (FeO), which is antiferromagnet, could be responsible for the exchange bias 264
fields[57]. ZFC/EC curves of the core-satellite nanostructures are presented in Figure 3b. 265
No well-defined maximum in the ZFC curve was found. This fact indicates that the NPs 266
had blocking temperatures above 325 K and exhibit ferromagnetic behavior at room tem- 267

perature. 268
50 a
| 5,0 b
25 45 |
> )
3 e 94 8 § e 34‘0
= <=

-25]

N
3

| w
-50 “hiey” —

20 45 10 5 0 5 10 15 20 0 50 100 150 200 250 300
H [kOe] T K]

Figure 3. Magnetic characterization of core-satellite Au-Fe NPs. (a) Magnetic hysteresis loops
measured at m -5Kand m -300 K. The inset is an expanded view of the low-field region; (b)
ZFC-FC curves. The inset represents colloidal solutions of the NPs without magnetic field (left)

and attracted by the magnet (right).

Structural and colloidal stability of the synthesized nanocomposites are very im- 269
portant for the projected biomedical applications. To check the stability and find out 270
whether bonds between Fe oxide cores and Au satellites can withstand high ionic strength 271
conditions of physiologically relevant liquids, we incubated the laser-synthesized nano- 272
composites in aqueous solutions of 1 M NaCl and in phosphate buffered saline (PBS) at 273
pH 7.4. Colloidal stability was poor in both liquids: hydrodynamic size of the nanocom- 274
posites incubated at 37°C doubled after just 5 minutes (detailed kinetic of aggregation 275
over the course of 30 min is shown in Table S1). This result is not surprising since the 276
colloidal stabilization mechanism of bare laser-synthesized NPs is based on electrostatic = 277
repulsion, while surface charges are effectively screened in high ionic strength liquids. 278
However, it is very important that the aggregation of the nanostructures was reversible 279
since it was possible to restore optical extinction spectra of the nanocomposites by simple 280
ultrasonication step. The reproducibility of the optical extinction spectra after re-disper- 281
sion by ultrasonication means that the nanostructures preserved their structural stability 282
in high ionic strength solvents, although they were colloidally unstable. 283

To improve colloidal stability in high ionic strength liquids and to additionally en- 284
sure structural stability of the nanocomposites we covered them using several different 285
biocompatible polymer coatings, namely: PEG-silane, PAAC, CMD, PEI and PAA. The 286
best colloidal stability was achieved using negatively charged polymer CMD, while other 287
coatings provided less colloidal stability, or the nanocomposites even aggregated during 288
the coverage procedure. The CMD coated nanocomposites did not change their hydrody- 289
namic size after incubation for 24 hours in PBS (Figure 4a). The coverage by negatively 290
charged CMD polymer changed - potential of the NPs to -30 mV (Figure 4b) and slightly 291
increased their hydrodynamic size (Figure 4a), which additionally confirm success of the 292
coating procedure. 293

Our experiments showed that { - potential was negative for bare laser-synthesized 294
Au NPs (-27 mV) and positive for both bare Fe oxide NPs (+30 mV) and core-satellite Au- 295
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Fe NPs (+28 mV). Therefore, one can suppose that electrostatic interaction can potentially 296
be a major formation mechanism of the nanocomposites. To test this possibility, we sepa- 297
rately synthesized bare Au and Fe oxide NPs by a similar laser-ablative procedure (in this 298
case the Fe target was ablated in deionized water in the absence of Au colloids). Then the 299
Au and Fe-based NPs were mixed in a vial followed by vortexing for several minutes. 300
Finally, we compared the mixture of Au and Fe oxide NPs with nanocomposites obtained 301
by PLAL. We observed the presence of core-satellite Fe-Au nanostructures in the mixture 302
(Figure S2). However, there was a substantial difference in optical spectra of the samples 303
prepared by PLAL and by NPs mixing. In fact, as shown in Figure S3, the intensity of 304
plasmonic feature of core-satellites NPs normalized to Fe content was 5-folds higher for 305

laser-ablated NPs compared to that of NPs prepared by the mixing. 306
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Figure 4. (a) DLS size histograms of the core-satellite Au-Fe NPs after incubation for 24 hours in

water and PBS (— bare NPs incubated in water, — bare NPs incubated in PBS, — CMD covered

NPs incubated in water, — CMD covered NPs incubated in PBS). (b) £ - potential of — bare and
— CMD covered core-satellite Au-Fe NPs.

Therefore, the efficiency of the nanocomposite formation was significantly higher for 307
the laser-ablative synthesis than for mixing of oppositely charged Au and Fe oxide NPs. 308
This fact suggests that there are other mechanisms leading to the formation of nanocom- 309
posites during ablation of Fe target in Au NPs colloids rather than simple electrostatic 310
interaction of oppositely charged NPs. 311

In our opinion,  the formation of the core-satellites starts from an attraction of small 312
Au NPs to the forming Fe oxide NPs. The attraction between NPs is originated from sev- 313
eral mechanisms including an electrostatic interaction between oppositely charged Au 314
and Fe oxide NPs, Van der Waals forces and hydrophobicity of both Au and Fe oxide NPs. 315
For the formation of stable core-satellites, Au NPs should arrive at the surface of Fe oxide 316
NPs, while the latter are relatively hot. As a result, these small Au NPs fill the potential 317
well at the interface with water,settle down at the surface as a result of sintering. Sintering 318
time is known to decrease with temperature [58]. In this way, core-satellites are formed 319
during a limited time (cooling time) after a laser pulse hits the target. This explanationis 320
supported by several observations. First, a simple mixing of Au and Fe oxide NPs is less 321
effective for the formation of core-satellite structures than the laser-ablative synthesis. Sec- 322
ond, the satellites in the nanocomposites are predominantly formed by the smallest Au 323
NPs presented in initial gold colloid. Third, larger Fe oxide cores tend to form more core- 324
satellite structures than smaller cores (Figure 2a, b). The second observation can be ration- 325
alized by higher speed of NPs Brownian motion of smaller NPs (the speed depends on 326
the size as r3). Therefore, small Au NPs move much faster than large ones and have higher 327
probability of reaching the surface of the Fe oxide NPs during the cooling time. The last 328
observation can be explained by longer cooling time of larger Fe oxide NPs, which gives = 329
Au satellites more time to reach the Fe oxide cores. Also note that in our laser ablative 330
setup some of already formed nanostructures are re-irradiated by the laser beam. This re- 331
irradiation can also contribute to the formation of core-satellites. 332
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Thus, we managed to synthesize stable Au-Fe core-satellite nanocomposites, which 333
combine prominent magnetic response with the generation of plasmonic absorption peak 334
within optical transparency window. At the same time, unique laser-ablative synthesis 335
guarantees purity of the nanocomposites and free access to both Au and Fe surfaces for 336
further biofunctionalization. There is yet another advantage of the FexOy@Au core-satellite 337
nanocomposites, which potentially can solve the problem of residual accumulation of the 338
nanomaterials in an organism. Fe oxide cores can slowly degrade in physiological condi- 339
tions and be excreted from an organism, while Au satellites are small enough to be elimi- 340
nated through renal glomerular filtration mechanism[59]. Therefore, both components of 341
the core-satellites can be naturally removed from an organism, which promises a great 342
advancement in the field of nanomedicine, although this clearance pathway is still to be 343
verified in further research. Combination of these properties makes laser-synthesized 344
FexOy@Au nanocomposites highly suitable for both established and novel theranostic 345
magneto-plasmonic modalities for cancer therapy. 346

5. Conclusions 347

In conclusion, we synthesized FexOy@Au core-satellite nanocomposites by using a purely 348
physical method of laser ablation in liquids, which insures a high purity of the obtained 349
nanomaterials and the absence of any residual contamination. We experimentally deter- 350
mined optical, structural and magnetic properties of the nanocomposites and elaborated 351
a numerical model, which describes their optical properties. We showed that such 352
nanoformulations combine a strong magnetic response and a good optical extinction 353
within optical transparency window. Additionally, we demonstrated that the surface 354
coating of laser-synthesized nanocomposites with biopolymer CMD can significantly im- 355
prove its colloidal stability in biologically relevant fluids that is very important for the 356
projected biomedical applications. From a broad perspective, our research provides a 357
novel extremely pure magneto-plasmonic platform for biomedical nanotheranostics. 358

359

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: 360
Calculated extinction spectra of bare Au NPs (red line), Fe oxide NPs (black line) and core-satellite 361
Au-Fe NPs (green line). The following parameters were used for calculations: Au NPs diameter 8 362
nm; Fe oxide NPs diameter 60 nm, optical constants: n=2, k=0.129; Core-satellite NPs core diameter =~ 363
60 nm, effective shell thickness 10 nm, optical constants n=2.4, k=2.9., Figure S2: STEM image of 364
nanostructures, obtained by mixing of negatively charged laser-ablated Au NPs and positively 365
charged laser-ablated Fe oxide NPs, Figure S3: Optical extinction spectra of core-satellite nanostruc- 366
tures obtained by mixing of Au NPs and Fe oxide NP (black) and by laser ablation of iron targetin 367
colloidal solution of Au NPs (red). Extinction spectrum of laser-ablated Fe oxide NPs was subtracted ~ 368
from both spectra, Table S1: DLS size of the bare core-satellite Au-Fe nanocomposites, incubated in 369
PBS (pH 7.4) at 37°C. 370
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