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Abstract:

Gold-coated magnetic nanoparticles have received a lot of attention in recent years due to their multifunctional
attributes and their prospective unique characteristics in environmental and biomedical applications. This paper
reports the textural, thermo-gravimetric, and magnetic properties of green synthesized gluconic acid-capped
uncoated and gold-coated superparamagnetic iron oxide nanoparticles (SPION@Au). The as-synthesized
nanomaterials were characterized using scanning electron microscopy (SEM), energy-dispersive X-ray
spectroscopy (EDX), thermal gravimetric analysis (TGA), Brunauer-Emmett-Teller (BET), and superconducting
quantum interference device (SQUID) magnetometry. The XRD and SEM measurements showed that the
gluconic acid-capped magnetic core was coated with gold with cubical spinel crystalline structures. TGA results
revealed the thermal stability of the nanoparticles. Textural properties indicated that the gold-coated
nanoparticles were in naturally mesoporous and exhibited the type IV isotherm with an Hz hysteresis loop. The
estimated maximum pore diameter and surface area of SPION@Au were 3.33 nm and 134.02 m?/g respectively.
Furthermore, the SQUID results showed the nanocrystals were superparamagnetic with a blocking temperature
(Ts) of 214 K at 500 Oe and saturation magnetization of 11.38 emu/g. These noteworthy results demonstrated that
the as-synthesized SPION@Au are promising nanomaterials for biomedical and analytical applications.
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1. Introduction

Current developments in nanotechnology have been directed towards the establishment of superparamagnetic
iron oxide nanoparticles (SPIONSs), as resourceful materials for various applications in biomedicine such as
targeted drug delivery (Matuszak et al. 2018; Hobson et al. 2019), magnetic resonance imaging (Usman et al., 2020;
Fernandez-Barahona et al., 2020), magnetic fluid hyperthermia (Ledn Félix et al. 2019; Pardo et al. 2020),
thermoablation (Kita et al. 2010), bio/immune sensing (Peng et al., 2016; Lee et al., 2020), bioseparation
(Khoshneviszadeh, et al., 2020), photodynamic therapy (Fakayode et al. 2018), photothermal treatment (Nemec
et al. 2020) and catalysis (Tian et al. 2011; Ferreira et al. 2020). SPIONs offer some remarkable characteristics such
as high magnetic sensibility, established biocompatibility, and low toxicity which make them fit for biological
and medical uses (Amos-Tautua et al. 2019a). Their distinctive tiny size and high surface area permit these
nanoparticles to overcome barriers and gain entrance into biological molecules (Perni et al. 2011).
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Utilizing a simple and ecologically friendly methodology for SPION synthesis is of enormous significance to
enhance their biomedical applications (Dulinska-Litewka et al. 2019; Samrot et al. 2020). The green methods
employed to make SPION consist of naturally occurring reagents such as ascorbic acid and plant extracts (Sood
et al. 2016; Jegadeesan et al. 2019), microorganisms as reductants and capping agents, sugars and biodegradable
polymers (Kharissova et al. 2013). However, the use of glucose in this work offered several unique advantages,
in that glucose is readily available for use as both reducing and stabilizing agents because of its free aldehyde
group. Likewise, gluconic acid, which is the oxidative product of glucose during the preparation of SPION, also
functions as both dispersant and stabilizing agent for the synthesized SPION. Furthermore, glucose is cheap,
mild, renewable, non-toxic, and most importantly it is eco-friendly (Lu et al. 2010). Non-toxic chemicals such as
sodium borohydride, hydrazine, and dimethylformamide were used as reductants.

Pristine (uncoated) SPIONs are promising but have several disadvantages for direct use in some biomedical
applications such as a high propensity to aggregate due to high surface area and magnetic dipole-dipole
interaction between nanoparticles (Wu et al. 2015), rapid biodegradation when directly exposed to biological
systems, and a propensity to undergo structural changes in the presence of external magnetic fields (Laurent et
al. 2014). As a result, SPIONSs are coated with different inert inorganic materials such as gold, silver, silica, apatite,
or organic polymers like dextran, polyethyleneglycol (PEG), polyvinylacetate (PVA), and chitosan for further
biomedical applications (Laurent et al. 2014). Gold has been used as the major coating material on SPION due to
its favorable properties such as its low reactivity and its ability to protect the core SPION from external oxidation
(Sabale et al. 2017; Ling et al. 2019; Sheel et al. 2020). Hence, SPIONs coated with Au are currently being used as
potential magnetic resonance imaging contrast agents, for hyperthermia and other biological systems
(Montazerabadi et al. 2015; Ledn Félix et al. 2019; Stein et al. 2020; Yuan et al. 2022).

An elegant classification of several phases of covering iron oxide nanoparticles with gold shells is illustrated in
Figure 1. From the initial contact of the gold nanoparticles which form the shell, with the iron oxide which forms
the core, includes four structural types (a) iron oxide core with gold satellites; (b) continuous and discontinuous
iron oxide core with continuous shells of gold and intervening silica or polymer shell; (c) other shapes of iron
oxide and other materials as core with continuous shells of gold (d) variously shaped hollow structures with iron
oxide nanospheres (Nguyen et al. 2018).

Green synthesis of uncoated and gold coated SPION and their characterization which include transmission
electron microscopy (TEM), powder X-ray diffractometry (XRD), and ultraviolet-visible spectroscopy (UV-VIS)
have been reported in our previous paper (Amos-Tautua et al. 2019). However, this paper reports the textural,
thermo-gravimetric, and magnetization properties under conditions of zero-field-cooled (ZFC) and field-cooled
(FC) field cooled green synthesized water-dispersible uncoated and gold-coated superparamagnetic iron oxide
nanoparticles (SPION@Au).
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Figure 1: The different structures of core-shell nanoparticles of gold and iron oxide, based on four types (a) iron
oxide core with gold satellites; (b) continuous and discontinuous iron oxide core with continuous shells of gold
and intervening silica or polymer shell; (c) other shapes of iron oxide and other materials as core with continuous
shells of gold (d) variously shaped hollow structures with iron oxide nanospheres. (Reproduced from Nguyen et
al. (2018) under creative commons license, http://www.mdpi.org).
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2. Materials and Methods

2.1 Preparation of gold-coated superparamagnetic iron- oxide nanoparticles

The synthesis of uncoated gluconic acid capped SPION has been reported in our previous work. (Amos-Tautua
et al. 2020). Briefly, a solution of glucose was added to a solution of Fe (IlI) chloride in water to regulate the
proportion of Fe (II) ion and Fe (II) ions in a 1 to 2 ratio. Then, ammonia solution (as the precipitating agent) was
added to the mixture of precursors at 55 + 2 °C to produce the superparamagnetic iron oxide nanoparticles (Amos-
Tautua et al. 2020). The gold-coated SPION (SPION@Au) was prepared by reacting the as-synthesized pristine
SPION with gold (III) chloride monohydrate solution at 74 °C without stirring for 4 hours (Amos-Tautua et al.
2019). The general scheme of coating gold on SPION is presented in Fig. 2(a).

2.2 Characterization

A Perkin Elmer Universal Attenuated Total Reflection UATR Spectrum Two (Buckinghamshire, UK) was used
to measure the infrared spectra of the as-synthesized materials. Particle size (hydrodynamic diameter) and zeta
potential were run using the Anton Paar Litesizer 500 (Graz, Austria). Scanning electron microscope (SEM, Tescan
Vega 3XMU, Japan) was used to examined the surface morphology. Oxford EDX (UK) attached to SEM was used
for elemental analysis. Thermo-gravimetric analysis was carried out using Hitachi STA 7200RV-TGA (Japan).
Micrometrics ASAP (Accelerated Surface Area and Porosity) 2010 (USA) was used for BET porosity of the
nanoparticles. The pore size distributions of SPIONs were obtained from the desorption branch of the isotherm
based on the Barret-Joyner-Halenda (BJH) method. Magnetization measurements were taken at 300 K in a
magnetic field (H, Oe) ranging from -20000 to 20000 Oe using the SQUID magnetometer (PPMS, Quantum Design
Inc.,, San Diego, CA, USA). Further magnetization analysis of the SPION@gold was also achieved using a
vibrating sample magnetometer, cryogenic device (UK), at the temperature range of 2-300 K at two applied
magnetic fields of 100 Oe and 500 Oe.

3. Results and Discussions
3.1 Physical properties of SPION@Au

The red wine color exhibited by SPION@Au as compared to the dark brownish-black (color of a loamy soil)
pristine SPION shown in Figure 2 indicates the reduction of gold chloride to gold. This process starts the
deposition of colloidal particles of Au on the surface of SPION (Silva et al. 2016). Gold coating of magnetic
nanoparticles is particularly fascinating since the gold surface can be further functionalized with thiol and amino
groups, which permits the linkage of functional ligands such as amines and thus make the nanoparticles fit for
optical and catalytic applications (Sabale et al. 2017).

Digital images in Figure 3 further illustrate the response of the as-synthesized nanoparticles under the influence
of an external magnet (Figure 3(a)). On application of an external magnetic field, SPION@Au in an aqueous
solution becomes magnetized up to its saturation point (b), and no residual magnetic interface was exhibited after
the external magnet is withdrawn (c). The image also shows the highly dispersed SPION@Au in water (Figure
3(d)) and the clear supernatant liquid obtained when SPION@Au is drawn towards the applied external magnet

(e).
3.2 FTIR studies

Figure 4 shows the FTIR studies of bare SPION and gold-coated (SPION@Au) nanomaterials. Peaks at 3314 cm!
for bare SPION and 3327 cm™ for SPION@Au respectively were attributed to the characteristic broad OH band of
carboxylic acid. Also, the C=O peak at 1619 cm! for bare SPION shifted to 1626 cm™ for SPION@Au which
indicates the presence of the capping agent, gluconic acid. The bands at around 1359 and 1069 cm-! are ascribed
to the C-OH stretch vibration and anti-symmetric glycosidic C-O-C vibration, respectively. The existence of
these peaks indicates the presence of the capping agent, gluconic acid in both nanomaterials. The stretching
frequency at 564 cm™ was ascribed to the Fe-O bond in SPION, but for the core-shell SPION@Au sample, the peak
was moved to 570 cm-!. Also, the C-O-C vibration at 1069 cm-1 was diminished and shifted to 1040 cm-!. Thus,
the FTIR spectra further confirmed the coating of SPION with Au (Mandal et al. 2005).
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3.3Dynamic Light Scattering and Zeta potential

Dynamic light scattering measurements showed that the mean hydrodynamic diameter of SPION and
SPION@Au nanoparticles were found to be 0.808 um and 1.140 um, respectively (Figure 5). However, the result
from the electrophoretic light scattering analysis showed that both nanomaterials had a positively charged
surface with a large increase in the zeta potential value from +5.6 to + 24.1 mV when the surface of SPION was
coated with gold (Figure 5). The increase in both hydrodynamic size and zeta potential of SPION@Au was due
to the gold coating of SPION and shows that SPION@Au was colloidally stable and dispersive, hence it could be
considered for therapeutic purposes.

(a) .Au
® . seion

HAuCI4 Solution Aq. Suspension
of SPION

Figure 2: Schematic representation of the coating of SPION with gold (a); Digital images of SPION (b) and
SPION@Au (c)

Figure 3: Digital images of the magnetic responses of SPION@Au in the presence of an external magnet. (a)
magnetization of SPION@Au in an aqueous solution; (b) magnetization of SPION@Au up to saturation point; (c)
SPION@Au exhibits no residual magnetization on removal of external magnet; (d) highly dispersed SPION@Au
in water; (e) clear supernatant liquid obtained when SPION@Au is drawn towards the applied external magnet
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Figure 4: FTIR spectra of both SPION and SPION@Au
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Figure 5: DLS of SPION (a), SPION@Au (b) and zeta potential of SPION (c), SPION@Au (d)
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3.4 Scanning electron microscopy (SEM)

The SEM images of SPION and SPION@Au are shown in Figure 6 for comparison. The SEM image of uncoated
SPION shows a highly monodispersed mixture exhibiting isometric face-centered cubic (fcc) octahedral geometry
with a mixture of small and large-sized particles (Figure 6a), while in the image of SPION@Au (Figure 6c), the
iron oxide particles have more cluster-like compositions. In addition, the SEM image of SPION@Au (Figure 6c¢)
revealed the presence of gold as colloidal particles deposited on the surface of the magnetic iron oxides core.
Therefore, the system may be classified according to Nguyen et al. (2018) as having iron oxide cores with gold
satellites. The EDX spectra of both samples show the presence of C, Fe and O (Figures 6 b and d). In addition, the
EDX of SPION@Au showed the presence of Au (figure 6d) which confirmed that gold was actually deposited on
the core of SPION.

3.5Thermo-gravimetric analysis

The thermogravimetric analysis/derivative thermogravimetric (TGA/DTG) curves of SPION and SPION@Au are
shown in Figure 7. The DTG curve of SPION@Au shows five main derivative peaks at 106 °C, 259 °C, 382 °C,
481 °C, and 808 °C as compared to four at 142 °C, 253 °C, 426 °C, and 840 °C for SPION. The initial weight loss of
5% in the temperature range of 27 — 106 °C of SPION@Au was due to water absorbed into the nanoparticles.
Maximum degradation of the capped gluconic acid of SPION@Au which accounted for 15% weight loss took
place in the range of 106 — 481 °C. The presence of a smooth horizontal section in the curves for both SPION and
SPION@Au above 800 °C showed the complete transformation of the nanomaterials into magnetic iron oxides
nanoparticles and confirmed their thermal stability. The residual mass of SPION@Au obtained was 78%.
Comparing the TG analysis of both SPION and SPION@Au, more water (9%) and organic matter (19%) were lost
from the pristine SPION than from the SPION@Au sample. Also, 78% of the SPION@Au was left as a residue
after the thermal degradation relative to 69% of iron oxide that remained after the thermal decomposition of
SPION. These results confirmed the thermal stability presence of SPION@Au.
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Figure 6: SEM images of SPION (a); EDX spectra of SPION (b); SEM of SPION@Au (c) and EDX of SPION@Au
(d)
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Figure 7: TGA/DTG curves of SPION and SPION@Au

3.6 Textural properties

Further characterization was carried out by comparing the surface area and porosity of SPION and SPION@Au
as determined by the BET method. The N2 physisorption curves of both samples (Figure 8) showed that they
exhibited the H: hysteresis loop and Type IV isotherm that are related to capillary condensation in mesopore
structures. It could also be deduced from the hysteresis nature that the nanoparticles contain ink bottle-like pores.
However, the hysteresis loop of SPION@Au was broader than that of SPION which can be ascribed to the
covering of the pristine SPION with Au. The estimated surface area and maximum pore diameter of SPION@Au
were 134.02 m?/g and 3.33 nm respectively which are slightly lower than those of SPION with the surface area
and pore diameter of 165.56 m?/g and 3.37 nm respectively. These noteworthy textural properties of the as-
synthesized nanoparticles could play a significant role in physisorption and in environmental remediation of
heavy metals pollution (Amos-Tautua et al. 2020; Getahun et al. 2022).

Magnetization (Ms) values measured at 300 K (Figure 9) for the magnetic core SPION (11.17 emu/g) and the gold-
coated SPION@Au (11.38 emu/g) are almost the same. This shows that the superparamagnetic fraction of the
SPION was retained by the coating of its surface with gold which agrees with literature reports that passivation
of SPION surfaces with Au had a negligible decrease in their magnetic performance (Sun et al. 2007; Wu et al.
2015). To further explain the magnetic state of SPION@Au, magnetization curves in conditions of zero-field-
cooled (ZFC) and field-cooled (FC) curves were obtained as shown in Figure 9. Measurements were performed
in the temperature range of 2-300 K, at two applied magnetic fields of 100 Oe and 500 Oe. Differences in the
magnetization of SPION@Au in the ZFC and FC modes shows its superparamagnetic performance (Chesnel et al.
2014).

The blocking temperature (TB) of the gold-coated SPION nanocrystals was also determined at the two applied
fields of 100 Oe and 500 Oe. TB shows the transformation involving the superparamagnetic condition and blocked
status and is typically related to the maximum in the ZFC curve, where the thermal energy is almost similar to
the anisotropy energy barrier (Caruntu et al. 2007). Subsequently, the estimated TB for SPION@Au was 214 K at
500 Oe. Conversely, no maximum was observed in the ZFC curve at 100 Oe, hence it is assumed that the TB of
the largest nanoparticles is located above 300 K at 100 Oe magnetic field. However, a shoulder in the ZFC curves
for both 100 Oe and 500 Oe can be observed at low temperatures ~22 K and ~56 K, respectively. This may imply
that the temperature dependence of the magnetic response did not affect the dipole-dipole interactions of
SPION@Au nanoparticles (Lopez-Cruz et al. 2009). Again, the shape of the FC curve at 500 Oe (different from
that of 100 Oe) may be as a result of dipole-dipole linkages between the gold-coated iron-oxide nanoparticles
which are plausibly associated with the formation of more aggregates of SPION@Au as observed in both SEM
(Figure 6) (del Barco et al. 2001; Suber et al. 2005). These magnetic properties imply the promising use of
SPION@Au for biomedical applications such as magnetic hyperthermia, and delivery of photosensitizers in
photodynamic therapy and could be used as a magnetic resonance imaging contrasting agent.
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Figure 8: Nitrogen adsorption-desorption isotherms of SPION (a); SPION®@Au (c); and pore size distribution of
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4. Conclusion

Pristine (uncoated) and gold-coated gluconic acid-capped superparamagnetic iron oxide nanoparticles were
characterized using both spectroscopic and microscopic methods. Iron oxide nanoparticles were clearly shown
by SEM with gold satellites deposited on their surface. The as-synthesized nanocrystals are thermally stable and
exhibited high surface area and moderate magnetic susceptibility hence they could be considered good materials
for storage, catalysis, sensors, physisorption, and biomedical applications.
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