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ABSTRACT

Fe@Au core-shell nanoparticles (NPs) exhibit multiple functionalities enabling their
effective use in applications such as medical imaging and drug delivery. In this work, a
novel synthetic method was developed and optimized for the synthesis of highly stable,
monodisperse Fe@Au NPs of average diameter ~24nm exhibiting magneto-plasmonic
characteristics. Fe@Au NPs were characterized by a wide range of experimental
techniques, including Scanning (Transmission) Electron Microscopy (S(T)EM), X-Ray
Diffraction (XRD), X-Ray Photoelectron Spectroscopy (XPS), Energy Dispersive X-Ray
Spectroscopy (EDX), Dynamic Light Scattering (DLS) and UV-Vis spectroscopy. The
formed particles comprise an amorphous iron core with a crystalline Au shell of tunable
thickness, and retain the superparamagnetic properties at room temperature after
formation of a crystalline Au shell. After surface modification, PEGylated Fe@Au NPs
were used for in vitro studies on olfactory ensheathing cells (OECs) and human neural
stem cells (hNSCs). No adverse effects of the Fe@Au particles were observed post-
labelling, both cell types retaining normal morphology, viability, proliferation, and
motility. It can be concluded that no appreciable toxic effects on both cell types, coupled
with multifunctionality and chemical stability make them ideal candidates for therapeutic

as well as diagnostic applications.
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multimodal imaging, cell labelling



1.1 Introduction

Synthesis of magnetic nanoparticles (MNPs) of tunable diassreceived @reat scientific
attentionowing to their applicationdn targeted drug delivery, magnetic resonance imaging
(MRI) and treatment of cancer by hypertherfdi&8 A common property exploited in life
sciences and biomedicine is superparamagnedifmwing the alignment of all spins undan
external magnetic fielfP] Despite their tremendous use in biomedical applicatigiNgs often
tend to aggregate due to stromgterparticle dipolar interactianin high ionic strength
environment ofbiological solutiong10] This causes the enlargement of nanoparticle, size
influencing their magetic properties and limitg their practical useWhile MNPs with higher
magnetic moment and higher anisotropy would be ideal to improve their performance and
dosage, thegre often hampered bylav degree of chemical stabilitincreased toxicitgoupled
with low plasma half lifgd.11] Therefore, a major challengetis increase solution stability and

reduceNP toxicity without compromising tlremagnetic properties

To overcometheselimitations, ®veral procedurebave beerreportedwherebythe MNPsare
modifiedwith a thin layer of polymersrganic molecules, metal oxide a metal[12-14] Among
these a thin protectiveshell of gld (Au) around the MNPgrovides high stability due to its
chemical inertnesdpw cytotoxicity, simple bioconjugationthrough well-understoodsurface
chemistrysuch asAu-S[15 and high catalytic aatity while supported ometal or metabxide
suppors.[16] Upon further functionalization with molecules such as P@E®ly (ethylene
glycol)), NP aggregation can also be preventbdsides exploiting cloaking properties of
PEG[17] Au NPs display tunable and environmentally sensitil@calized surface plasmon
resonancéLSPR)within the viible rangewhich makes themsuitable candidaggfor biosensors,

and good contrast agents for computed tomograf@y)[18, 19 as well as photcacoustic
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imaging[20] Thus,core@shell NPformedby unifying a nanoscale magnetic core Wit thin
metallic shellcanactasa dual contrast agent fMRI and CT.To date variousapproachebave
been developed for treynthesis oMNPs@Au, such as hydroxyl amine seeding, reverse micelle
templating attachment of Au NPs onto amisdane modified iron oxide NPs, laser ablation,

sonochemical reactiop;ray radiation etc. [8, 21-24]

Despitea small number of successfapproachedor the synthess of MNPs@Au andthe
exploration oftheir applicationsn different areasmany issues related to the precise contfol
Au shell thickness, and the detailed characterization of resultant MNPs@@dto be
addressedIn addition, some limitations associated with earlier metho@ddso include time-
consumingpurification steps,intricate sguence of chemical reactionsroadsize distribution,
andpoor magnetic responses diseuncontrolled oruneven coating of Aghell around MNPs.
[25] The control over size of the resultant MNPs@Au is very important which nothaslya
pronounceceffect ontoxicity and retention but alson mode of administrationln some cases,
successive gold coating steps are needed to ensure sufficiently staiksu REPs[26]
Remaining solvents or surfactantgyalsoresult in opsonizatiom vivoand other potentiaide

effects, and thusiocompatibility becomes a serious concgtiy

Here we reporta new synthetic procedure for the formationFef@Au NPswith a crystalline
Au shell on amorphou$e NPs,their solution and magnetic propertiems well as their
interaction with two cell lines.Our approach provides control overAu shell thickness via
tuning the concentration of Au salt in the solutiéirst, Fe NPs weregroducedvia thermal
decomposition of iron pentacarbonyl (Fe(G)d) the presence of oleylamine (OAf28] Later,
these NPs werdransfered to an aqueous phaseand a shell of Au was grown over

presynthesized Fe NRgedssia reduction of Au salt in the presence of sodium citr@tanning



(Transmissioh electron microscopyT)EM), X-ray diffraction (XRD), Xray photoelectron
spectroscopy (XPSknergy Dispersive XRay SpectroscopyEDX), dynamic light scatterning
(DLS), andultravioletvisible spectroscopy (UWis) were used to characterize the Fe@Au NPs.
These NPs wersubsequentlfunctionalized withO-[2-(3-Mercaptopropionylamino)ethyi) :
methylpolyethylene glycol (PEGH) moleculeswhich have beensedat various concentrations
for in vitro labeling oftwo different cell types which are promising candidates for regenerative
therapy of the central nervous systgtf; 30] olfactory ensheathing cells (OECs) and human
neural stem cells (hNSCsJhese two cell types fiered in terms of uptake and localization of
the Fe@Au NPspostlabelling, while no cytotoxic effects were observed irrespective of label
concentration or length of dacubation with the NPsThe magnetic properties of Fe, Fe@Au,
and PEGylated Fe@AWPs were measured bQuantum Design MPMS systeindicating
supermagnetic behavidhus,Fe@Au NPswvere found to béave low cytotoxicityaptly suited

for a wide array of applications including bioimaging, drug delivery and other biodiagnostic
and/or bionedical applications.

1.2 Materials and Methods

Iron pentacarbony{Fe(CO}, 99.99% ), octadecene (ODE, 90% ), oleylamine (OAm, 70%),
chloroauric acid (99.999%), sodium citrate, -[Z)(3-Mercaptopropionylamino)ethyi) -
methylpolyethylene glycol (PESH) of moleular weight 5000 Da were purchased from Sigma

Aldrich.

1.2.1 Synthesis of Fe NPs
Fe NPs were synthesized via thermal decomposition of Fe(@D)ODE in the presence of

OAm. The reaction scheme modified from the one reported byeSal{31] is detailed herein.
In essence, a mixture of ODE (50 mL) and OAm (740 uL) was degassed under Ar atmosphere

and vigorous stirring at 120 for 30 min. The temperature was raised toi88@nd 1.8 mL of
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Fe(CO} was injected intdhe hot reaction mixture and the reaction was continued for 20 min.
After cooling down to room temperature, the supernatant was decanted and the magnetic bar
coated withFe NPs was washed with 20 mL hexane and 40 mL acetone. Fe NPs were
magnetically separat, and the product was washed two times with 20 mL acetone.

Subsequently, these Fe NPs were dried in a stream of nitrogen.

1.2.2 Synthesis of Fe@Au NPs
The schematic protocdbr Fe@Au NPs synthesis is illustrated in Figure5lmg of the as

synthesized Fe NPs were dissolved in 10 mL of 10 mM sodium citrate solution using sonication
at 80 C for half an hour. Citrate stabilized Fe seed solutiwown solutionwas added to 80

ml reaction flask and the resultant solution wesntainedo 70 C under mild stirring. 10 mL of

1.5 mM Chloroauric acid (the concentration of the gold precursor was optimized by performing
experiments at concentrations both below and above this ievgeal value) was added
dropwise and allowed to react 8@ min under vigorous stirringfhe solution turned purplish

red around 8 minutes after reactionhereafter, the solution was cooled down to room
temperature, and Fe@Au NPs were magnetically aggrhto remove free Au NPA. video of

the synthesis protocol showing the colour change during the course of the reaction and influence

of the magnet on the final product can be found in the supporting information.

1.2.3 PEG Coating of Fe@Au NPs
2 mg of PEGSH was mixed with 5 mg of the as synthesized Fe@Au NPs dissolved in 5 mL of

MQ water and stirred for 1 hour to covalently modify the surface of the] B8PS .he resulting
PEG coated Fe@Au NPs were collected by centrifugation at 10000rpm for 2@mdingashed
twice with MQ water. These NPs were stored at concentrations of 1 mg/mL at 4°C to prevent

further aggregation.



1.2.4 Cell studies
Two different cell types were used for the cell studies, namely OECs and hNSCs. OECs were

purified from neonatal Fischeats at P8 according to Barnett and Roskg@8sPurified OECs

wer e cultured 1n Dul becco’s Modi fied Eagle’ s
gentamicin and 5% FBS (Autogen Bioclear) on plollysine- (PLL) coated multwell plates
(Corning). The cultures were supplemented with 500ng/ml fibroblast growth factor 2 (FGF2)
(Peprotech, London, UK) , 50ng/ ml heregulin (°

UK), and 1 M forskolin.

Undifferentiated Hderived, hNSCs (Gibco, Invitrogen) were cuéid on laminircoated multi
well plates (Corning) in StemPro NSC serimee medium (Gibco, Invitrogen) containing
20ng/ml basic recombinant human fibroblast growth factor (bFGF) (Gibco, Invitrogen) and

20ng/ml recombinant human epidermal growth factorKE(&ibco, Invitrogen).

1.2.4.1 Cell labelling with Fe@Au NPs
PEG coated Fe@Au NPs were added to 50% confluent OEC and hNSC cultures at

concentrationsof anoparticles/ media vol umandinctibatédfor g/ mL,

6h, 12h, and 24h at 37°C with 7% &&hd 5% CQ, respectively.

1.2.4.2 LIVE/DEAD® cell viability assay
The viability of OECs and hNSCs was qualitatively assessed by visualization of live and dead

cells, stained by calceend ethidium homodimet (EthD-1), respectively, using LIVE/DEAD®
assay (Invitrogen, Life Technologiegnmediately after 6h, 12h and 24h incubation with
FeE@AuUP EG NPs . LI VE/ DEAD® solution was prepared
calcein (Invitrogeh , and 12 pL ethidium homodi mer (Inv

cultures at 1:1 (v/v), and incubated for 30 min &tC37The cultures were subsequently imaged



on an Axiovert 200M fluorescent microscope (Zeiss, Germany) using AxioVision Rel. 4.3

software.

1.2.4.3 Prussian Blue staining
Prussian Blue kit was used for detection of intracellular iron. Following 12h of incubation with

PEG coated Fe@Au NPs, OECs and hNSCs were fixed with 4% paraformaldehyde and

subsequently stained with Prussian Blue accordingioe s uppl i er s recomme n d

1.2.5 Characterization Techniques

1.2.5.1 Scanning (Transmission) Electron Microscopy [S(T)EM] and Energy Dispersive X-Ray
Spectroscopy [EDX]
S(TEM images and EDX analyses were acquired using a Hita8Bi08 electron microscope

operating at 30kV accelerating voltage. TEM images were obtained in bright field mode. TEM
grids were prepared by placing several drops of the solution on a Formvan cagied copper
grid (Electron Microscopy Sciences) and wiping immediately with Kimb€thrk kimwipes to

prevent further aggregation owing to evaporation at room temperature.

1.2.5.2 Dynamic Light Scattering [DLS]and Zeta Potential Measurement
The size distribubn and zeta potential of the NPs were were measusaty a Malvern

ZetasizerNan S i nstrument, and the manufacturer’ s 0

NPs was rHexane while for the other NPs, MQ water was used.

1.2.5.3 Ultraviolet -Visible Spectroscqy [UV-Vis]
UV-Vis spectra were acquired with a eP401PC (Shimadzu) spectrophotometer. The spectra

were collected over the spectral range from-200 nm.

1.2.5.4 Xray Photoelectron Spectroscopy (XPS)
XPS analyses were performed using a Kratos Axis Ultra DLDtspaeter (Kratos Analytical,

UK), equipped with a monochromatized aluminurt Xy s ource (Al , hv = 14

at 10 mA and 15 kV (150 W). A hybrid lens (electrostatic and magnetic) mode was employed
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along with an analysis area of approximately 8@® X 700 um. Survey spectra were collected
over the range of-Q100 eV binding energy with analyzer pass energy of 160 eV, and high
resolution spectra of C 1s, O 1s, Fe 2p and Au 4f were obtained with an analyzer pass energy of

20 eV. XPS data were prosesl with Casa XPS software (Casa Software Ltd., UK).

1.2.5.,5 X-Ray Diffraction (XRD)
XRD patterns were collected from Bruker AXS D8Focus with GuwkKa di ation (A=1.35

Samples for XRD measurement were prepared by depositing several drops of concentrated

solution of NPs on a single crystalline silicon holder.

1.2.5.6 Magnetic Measurements
Zerofield-cooled (ZFC) and fiektooled (FC) magnetization verstsmperature (MI) and

room temperature magnetization versus fieldHIM measurements were performed using a

Quantum Design MPMS system.

1.3 Results and Discussion

The main steps involved in a typical synthesis of Fe@Au NPs and subsequent surface
modification with PEG are shown in Figure 1. Fe NPs were synthesized using a previously
reported method.[31] These Fe NPs rapidly oxidize upon exposure to the air, forming a thin
surface layer of natural iron oxide. The S(T)EM image displayed in Figure 2(a) and its inset
reveal a core-shell morphology of Fe MNPs, i.e., Fe@FexOy. It is difficult to predict the exact
nature of the shell composition as both the core and shell are amorphous in nature as confirmed
by XRD measurements, which is also consistent with previous reports (Figure 2(e)).[34, 35] The
number average diameter of these NPs was measured over 200 NPs and was found to be 14 + 1
nm. The Fe NPs were dried after removal of the surfactant by washing with hexane and acetone

several times, and transferred into an aqueous phase in the presence of sodium citrate. The



citrate-functionalized Fe NPs were found to be stable in an aqueous phase without any
aggregation (Figure S1 in the supporting information). Later, a thin coating of Awas carried
outin agueous mediumsingwater solubld=e NPs as heterogeneous nucleation slesaling to
the formation of acontinuous shell oAu aroundthe Fe NPsThe resultant product dfe@Au
NPs were magnetically separated to remove freely suspended Au NP®d@peérsed in an

agueous phase.

Representative bright field (BF) S(T)EM images shown in figure 2(b) exhibit an increment in
an average diameter ~24+ 5 nm of Fe@Au NPs which are subsequently functionalized with
PEG-SH (Figure 2(c)). From these data, the thickness of the Au shell is calculated to be ~ 5 nm.
DLS measurements, however, show larger sizes of 34 =4 nm (Fe NPs), 71 + 4 nm (Fe@Au NPs)
and 72 + 5 nm (PEG Fe@Au NPs), respectively, in comparison to analysis via S(T)EM. The
reason for this discrepancy can be attributed either due to DLS measuring the hydrodynamic
rather than the core radius of the NPs as measured by S(T)EM, a weak interparticle dipolar
interaction among NPs causing weak interparticle coupling, or a combination. It is difficult to
visualize a core-shell morphology of as-prepared Fe@Au NPs in electron microscopy because
Au has a higher atomic number than Fe, contributing to high contrast while imaging. A shell of
Au coating around Fe NPs can be confirmed by EDX elemental analysis, indicating the presence
of Fe and Au in NPs (inset in Figure 2(b)). Moreover, UV-vis spectroscopy was used to
characterize the various steps of Fe NP surface functionalization (Figure 2 (d)). It can be noted
from the UV-Vis spectra that Fe NPs do not show a prominent absorption peak in the visible,
whereas Fe@Au NPs display an absorption peak at ~ 525 nm, which is a characteristic LSPRof

Au NPs. We observe a red shift in the absorbance peak (~528 nm) for PEG coated Fe@Au NPs.
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The bathochromic shift is an indication of the increase in the size of the NPs following PEG-

coating, as predicted by Mie-Drude theory. [36]

XRD pattern ofthe F e @Au NPs shows diffraction peaks at
corresponding to (111), (200), (220), (311) planes, respectively, revealing the crystalline nature
of the Au shell on amorphous Fe NPs [34, 37](Figure 2 (¢)). We also estimated the average
crystallite size of Fe@Au NPs obtained from half width diffraction peaks using Scherrer's
formula, yielding ~8.5+ 2 nm, which is very small compared to the size (~24+ 5 nm) measured
by TEM. This can be understood by considering the all diffraction peaks in XRD pattern
corresponding to only crystalline phase of the materials (i.e., the Au layer), and an average size
measured by XRD corresponds to the actual size of the Au shell. Such a shell thickness of Au
layer ~4+ 1 nm from XRD is in good agreement with shell thickness as measured by S(T)EM.
XPS studies were also conducted in order to examine the Au coating on Fe NPs, revealing the
presence of Fe 2p before and both Fe 2p and Au 4f after Au coating (Figure 3(a,c)). In addition, a
high resolution XPS spectrum of Fe NPs shows three photoelectron peaks at ~711 eV and ~725
eV corresponding to binding energies of 2p3» and 2pi1» of oxidized Fe (III), and ~707 eV
assigned to zero-valent Fe (Fig. 3(b)).[38] Figure 3(d) shows a high resolution spectrum of Au4f
which consists of two peaks with binding energies of ~84 eV and ~87 eV corresponding to
elemental Au(0), further confirming the presence of Au coating over Fe NPs. Taken together, our
results from S(T)EM, DLS, EDX XRD, and XPS provide evidence for the successful coating of

the Fe NPs with a crystalline Au layer.
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Zeta potential measurements of the Fe@Au and Fe@Au-PEG NPs showed zeta potential
values of -49.4 mV and -36.2 mV respectively. These high values essentially account for the
electrosteric stability of the particles in aqueous solution, possibly enabling prolonged circulation
times for in vivo applications. Furthermore, the effect of Au precursor concentration on the
formation of Fe@Au NPs was investigated for controlling the surface deposition of Au onto Fe
NPs. At low concentration of Au™ precursor (0.9 mM), we noticed a low yield of Fe@Au NPs,
where the majority of Fe NPs remained unmodified following Au coating (Figure 4(a)). When
the concentration was raised to 3.4 mM, elongated Fe@Au NPs with high yield were obtained
(Figure 4(b)). The size of these NPs was found to be ~284+5 nm which is larger than the reference
Fe@Au NPs (~24+ 5 nm) synthesized at Au concentration 1.5 mM, leading to increase in the
shell thickness from ~5 nm to ~7 nm based on S(T)EM size distribution analysis. Similary, a
crystallite size analysis from the XRD patterns reveal an increase in shell thickness from ~4+1
nm to ~6+2 nm following an increment from 1.5 mM to 3.4 mM of Au*® precursor, which is
consistent with STEM results (Figure S2 in the supporting information). A bathochromic shift in
UV-Vis spectra is observed from 528 nm to 535 nm with increasing gold precursor
concentration, indicating thicker gold coating (Figure 4(c)). In addition, an evolution of a second
LSPR band above 600 nm with increasing gold precursor concentration is observed, which can

be attributed to a change in the nanoparticle shape after gold coating.

Figure 5(a) shows the zero- field- cooled (ZFC) and field cooled (FC) magnetization versus
temperature curves recorded in a weak magnetic field (H =20 Oe) for Fe and Fe@Au NPs. Both
samples show ZFC magnetization curves reminiscent of superparamagnets. When the sample is

cooled under zero field, it shows no net alignment of spins at low temperature, resulting in a very
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low magnetization. As the temperature increases, the spinsb e c ome progressively
aligning toward the applied field direction, and the magnetization increases until it reaches a
maximum value at a temperature commonly referred as the mean blocking temperature (Tp) of
the sample. At temperature above Ty (about 90 K in our samples) the thermal energy (ksT)
overcomes the magnetic anisotropy energy barrier (i.e., increased dynamic rotation of the spins
prevents the alignment in the field direction), and magnetization starts decreasing with further

increase in temperature [9].

However, the nature of FC magnetization curves of Fe and Fe@Au NPs are significantly
different. The magnetization-temperature (M-T) curves of the Fe NPs are reminiscent of a
strongly interacting nanoparticle system, with the FC magnetization value decreasing below the
T, on cooling down and the ZFC magnetization starting to rise only as Ty is approached on
warming up.[39] In contrast, the Fe@Au NPs display M-T curves that are reminiscent of a
weakly interacting nanoparticle system; the FC magnetization does not decrease below Ty, and
the ZFC magnetization starts to rise right from the lowest measured temperature. This
observation matches very well with the prediction that the coating of (5 nm thick) Au shell
coupled with citrate stabilization helps in separating the Fe moments and hence reduces the

interaction between them.

Figure 5(b) shows the magnetization versus the magnetic field at 300K obtained by cycling the
field between -30kOe and 30kOe. A negligible coercivity and remanence in the hysteresis loops
indicates the super-paramagnetic nature of the NPs. The M-H curves become rounder or S-

shaped like as Au is coated on the NPs, again reflecting the weakening of interparticle
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interaction. It can be seen that the saturation magnetizations of the NPs are lower than that
reported for bulk phase at room temperature (~218 emu/g).[40] It is well established that that the
saturation magnetization of nanomaterials decreases (in comparison to the bulk) with decreasing
particle size owing to existence of surface spin disorder or the magnetic dead layer.[41] Here it is
important to note that the magnetization value in emu/g for the Fe@Au NPs does not represent
the actual magnetic moment of the Fe core, but it is underestimated because of the weight of Au
that contributes to the total mass of the sample that is used for the magnetic measurements. In
fact, if this discrepancy is corrected by roughly subtracting the weight of Au (calculated from the
volume ratio of Fe and Au in a Fe@Au NP) enhanced values for the Fe magnetization are
obtained. This enhancement can be explained by the fact that the coating of Au shell reduces the
magnetic dead layer in our samples. Further, in the present case the possibility of increased
crystallinity of Fe core on addition of Au shell cannot be ruled out, which also can lead to
increased magnetic moment. This enhancement in the magnetization value of the NPs on Au
addition is another advantage for biomagnetic applications. For example, higher magnetization
increases the MRI contrast with the applied magnetic field due to the stronger interferences with
the relaxation times of water which is the principal proton source in MRI signal.[42]
Additionally, for applications that require particle manipulation by an external magnetic field at a
distance, it is essential that the particle saturation magnetization is as high as possible.[43] Our
magnetic measurements on the Fe@Au-PEG sample (Figure S3 in the supporting information)
prove that the addition of PEG molecules further weakens the magnetic interaction between the
Fe moments. Having characterized the Fe@Au NPs, PEGylated NPs were used to study their

interactions wth two different cell types.
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In order to assess the impact of the synthesized MNPs on cell lines, Live/dead® assays were
performed at different time points after introduction of the Fe@Au-PEG NPs to cell cultures of
OECs and hNSCs, respectively. Co-incubation at 37°C did not reveal observable toxic effects of
the NPs on either OECs or hNSCs. Both cell types retained viability as well as normal
morphology and motility compared to controls [Fig. 6(a),(b),(d),(e)]. Moreover, cell proliferation
in terms of expected confluence at 24h intervals did not seem to be altered by the presence of the
NPs in the cultures. The above findings were consistent in all samples and were independent of

NP concentration used for co-incubation.

Differential interference contrast (DIC) images and Prussian Blue assay results indicate uptake
of Fe@Au —PEG NPs in >90% of both OECs and hNSCs [Fig. 6(c),(f)]. A tendency for peri-
membrane localization of the Fe@Au NPs, rather than intracellular localization, was observed in
the OECs. Consistent with the above, these observations were independent of length of co-
incubation or NP concentration used, while it appeared that the two cell types displayed different
affinity towards the NPs. Quantification of potential peri-membrane/intracellular NP
concentration was beyond the scope of the present study. Evaluation of NP-induced toxicity in
vitro is important before proceeding to in vivo applications as it eliminates the risk of unwanted
effects of the NPs on the cell of interest. At the same time, potential cytotoxic effects of the NPs
as well as cellular uptake will be contingent on cell type and in vitro labeling protocol.[44] In
this study, the Fe@Au NPs were applied to cells with very different antigenic, metabolic and
functional profiles, i.e. a glial cell (OEC) and a stem cell (hNSC), both of which are highly
relevant in tissue engineering and image-guided therapy following central nervous system (CNS)

injury.[45, 46] The lack of observable toxic effects of the Fe@Au NPs on either cell type is very
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promising with regard to future in vivo application involving the specific cells. On the other
hand, the differential affinity of the OECs and hNSCs to the particles suggests that labeling and
imaging protocols for in vivo application must be optimized for the individual cell types,

consistent with previous findings. [44]

1.4 Conclusion

In summary, we have optimized and developed the synthetic conditions for designing
multifunctional core-shell type NPs consisting of magnetic core surrounded by a uniform,
crystalline shell of Au. The thickness of gold shell can be tuned by varying Au precursor
concentration. This approach can further be extended to the coating of other noble metals with
controllable thickness where metallic shell provides a surface for easy chemical functionalization
and long-term stabilization of the magnetic core under physiological conditions. S(T)EM,
EDX , DLS, UV-Vis and XRD techniques were used to confirm the uniform coating of Au shell
around an Fe core. As-synthesized Fe NPs with core-shell morphology were confirmed by XPS
results which indicates that an inner core and an outer shell of MNPs are formed by Fe’ and
oxidized Fe, respectively. The presence of Au peaks in survey and high resolution XPS spectra
affirm the Au coating around the magnetic core, which is also evident from XRD measurements
indicating an amorphous state of Fe NPs prior to Au coating. After Au coating on Fe NPs, a
crystalline phase arises which is attributed to the Au shell. The magnetic properties of NPs at
various steps of surface modification were characterized, and we observe a superparamagnetic
behavior at room temperature due to the absence of hysteresis loop in M-H curves at 300 K, and
Tp<300 K. From these results, it is clear that MNPs retain substantial magnetic properties even
after Au coating. In addition, it has been shown that PEGylated Fe@Au NPs have no observable

cytotoxic effects on either OECs or NSCs, with a tendency of peri-membrane internalization, to
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be further understood through in vitro studies. The lack of observable toxic effects of the Fe@Au
NPs on either cell type is very promising with regard to future in vivo application involving the
specific cells. Magneto-plasmonic properties exhibited by these hybrid NPs enable them suitable

for theranostic as well as multimodal imaging uses.
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Fe@Au NPs(enlargel view of PEG functionalized Fe@Au NPS)d) UV-Vis spectra of

Fe,Fe@Au an®EGFe@Au NPs(e) XRD spectra for Fe and Fe@Au NPs.
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Figure5(a) Temperature dependence of ZFC and FC magnetization curves measured in 20 Oe

field for Fe and Fe@Au NPs (c) Magnetic hysteresis curves at 300K for Fe and Fe@Au NPs
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Figure 6 (a),(b),(d),(e) Live/Dead images of OECs and NSCs &#r labeling with Fe@Au
NPs (a) Unlabelled OECs (b) OECs with Fe@Au N&g Unlabelled N6Cs (e)NSCs with
Fe@Au NPs (c),jf DIC images of labeled OECs and NSCs, respectively, showing Fe@Au

uptake (arrows).
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