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With the advances in micro-/nano-electronic technology, the development of portable lab-on-chip biode-
tection device by utilizing magnetic nanoparticles as bio-probes and magnetic field sensor as signal
detector has attracted considerable interests in healthcare area. Magnetic probes with required sizes
are crucial in quantitative magnetic bio-detection for specific bio-analytes. The objective of this study
was to synthesize and characterize amphiphilic co-polymer coated magnetic iron oxide nanoparticles
with tunable sizes and study their bio-binding ability. Transmission electron microscopy (TEM), dynamic
light scattering (DLS), Fourier transform infrared spectrometer (FT-IR), thermogravimetric analyzer
(TGA), and vibrating sample magnetometer (VSM) were employed to investigate the particle dimension,
hydrodynamic size, surface property, mass ratio of surface surfactants, and magnetic behavior. The
investigation on their biologically binding ability with bovine serum protein was carried out on thin gold
film. The results showed iron oxide nanoparticles with controllable sizes were coated by amphiphilic co-
polymer successfully and could be completely transferred and well-dispersed in aqueous solutions. The
final products with magnetic core sizes ranging from 6 nm to 17 nm showed superparamagnetic behav-
ior, stable hydrodynamic sizes in aqueous suspensions, and binding ability with bio-molecules, making
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them promising candidates as magnetic tags for the development of bio-detection devices.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Portable easy-to-use bio-detection devices for healthcare are
important for the early diagnosis, disease screening, and prevent-
ing epidemics [1,2]. Advanced micro-/nano-fabrication techniques
enable many bio-detection systems to realize the development of
miniaturized lab-on-chip devices, such as electrochemical method,
fluorescent measurement, mass spectrometry, and magnetic
biodetection [3-6]. The magnetic biodetection is one of the most
promising techniques for early medical diagnosis as well as in
molecular biology research area, due to its high sensitivity and
rapid quantitative ability [7,8]. Since most biological samples exhi-
bit no magnetic background, this kind of biodetection technology
can be performed in visually obscure biological samples without
any further processing. In recent years, different magnetic signal
detectors, including fluxgates, AC susceptometers, and spintronic
sensors have been utilized in many bio-detection studies [9-12].
To improve the bio-sensing sensitivity and accuracy, considerable
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efforts have been spent on the development of magnetic nanopar-
ticles to understand their behavior and promote their applicability
to serve as magnetic bio-probes [8,13].

Magnetic iron oxide nanoparticles (IONPs) are often favored as
bio-probes, because they are physiochemical stable, bio-compatible,
and environmentally safe [14]. To realize magnetic bio-detection,
IONPs must be superparamagnetic with high magnetic moment,
monodisperse in aqueous solution, and bear functional groups on
their surfaces, such as carboxyl and amino groups, in order to conju-
gate with biologically active agents. Besides, particle size has been
found to play an extremely important role [ 12]. To acquire ultrahigh
bio-detection sensitivity by using spintronic sensors, which is
needed for detecting single biomolecules, the size of magnetic
probes should be comparable to that of the conjugating biomole-
cules [15]. For multiplexed sensing based on magnetic susceptibility
of IONPs, several types of bioanalytes are targeted by magnetic
nanoparticles with different sizes. The maximum imaginary compo-
nents of their magnetic susceptibility exhibit different frequencies
from each other and thus they can be distinguished. This detection
mechanism relies on high uniformity of particle size of the IONPs
[16]. Therefore, it is worthwhile to find a facile and reliable method
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to develop IONPs with controlled sizes as magnetic tags for biosens-
ing application.

Conventionally, IONPs are synthesized via facile co-precip-
itation. This method can be easily applied for large-scale produc-
tion and the products can be directly dispersed in water.
Scientists have made great efforts to control the particle size rang-
ing from 2 nm to 17 nm through changing the acidity and ionic
strength in the reaction system [17,18]. However, the synthesized
IONPs through co-precipitation are highly polydisperse. In recent
years, thermal decomposition is developed as one of the synthetic
routes to produce IONPs with accurate control of size and mor-
phology with narrow size distribution. Through the thermal
decomposition of Fe(acac)s or iron carboxylate salts, high-quality
hydrophobic IONPs can be obtained with several controllable par-
ticle diameters [19,20]. Nonetheless, the IONPs produced by ther-
mal decomposition method are usually hydrophobic because of
the organic surfactants on their surfaces, and cannot be applied
in biological usage directly. Therefore, a possible approach is to
make these high-quality IONPs hydrophilically stable and surface
functionalized with bio-binding ability.

In the current study, we synthesized magnetic nanoparticles
with tunable core sizes through thermal decomposition method
followed by phase-transfer into aqueous phase using amphiphilic
copolymer. This method yielded well-dispersed magnetic nanopar-
ticle colloidal solutions with particle core sizes ranging from 6 nm
to 30 nm. Then we characterized the final products and investi-
gated the particle properties after surface coating with amphiphilic
polymer. We also studied the binding ability of these particle prod-
ucts to conjugate with biological molecules on gold thin films
because gold is commonly used as bio-sensor surface to adsorb
proteins [21,22].

2. Experiments
2.1. Materials

Hydrated iron (IlI) oxide (FeO(OH)),oleic acid (OA), 1-oc-
tadecene, poly(maleic anhydride 1-octadecene) (PMAO), and
poly(ethylene glycol) methyl ethers (PEG) were purchased from
Sigma-Aldrich (USA). All chemicals were used as received.

2.2. Synthesis of amphiphilic copolymer functionalized magnetic IONPs

Our syntheses were based on thermal decomposition method
followed by phase transfer and surface functionalization using
amphiphilic copolymer. The preparation of oleic-acid-coated iron
oxide nanoparticles (OA-IONPs) was carried out in a three-neck
flask equipped with condenser, magnetic stirrer, thermocouple,
and heating mantle, following Colvin et al.’s thermal decom-
position method [20] with slight modification. Due to the fact that
the dissolution of starting material was often challenging and the
subsequent reaction would fail because of lack of soluble iron in
the experiment, the black bulky grained iron precursor FeO(OH)
bought from company (Fig. 1a) was grinded into brown fine pow-
ders (Fig. 1b) in an agate mortar before use. After the thermal
decomposition reaction of 2 mmol FeO(OH) with oleic acid in 5 g
1-ODE, the final products were precipitated by acetone, washed
several times with 1:2 mixture of chloroform and acetone, and
extracted by magnetic attraction. The supernatant was discarded,
and the particles were redispersed in chloroform. The amount of
the produced nanoparticles was typically larger than 0.14 g with
a high yield above 90%. The molar ratio R of oleic acid to
FeO(OH) was varied from 3 to 7 to control the average size of syn-
thesized particles. Amphiphilic copolymer of PMAO-PEG was syn-
thesized by mixing PMAO and low priced hydroxyl group

terminated PEG according to Yang et al.’s protocol [23], and the
prepared OA-IONPs were phase transferred into aqueous suspen-
sion following the procedures reported by Colvin et al. [24]. The
PMAO-PEG functionalized oleic-acid-coated IONPs (PP-OA-IONPs)
were collected using strong magnet, and the supernatant including
excess PMAO-PEG amphiphilic copolymer was discarded. The
supernatant was transparent and colorless, indicating all the
IONPs were collected with no loss. The final PP-OA-IONPs aqueous
solution obtained could pass through a 0.22 pm nylon syringe
filter easily, and showed excellent shelf life of over six months.
Park et al. [25] have reported the gram-scale synthesis of
magnetic IONPs through similar thermal decomposition method,
and there was almost no loss of IONPs during the phase-transfer
process in our experiment. Thus, it is possible to upscale the vol-
ume of this fabrication technique. Further work should be carried
out to realize it.

2.3. Characterization of the magnetic nanoparticles

Transmission electron microscopy (TEM) observation on the
IONPs was performed by FEI-Tecnai-G2-F20 using carbon-coated
copper grids. Particle size distribution data were analyzed by
Image]. The magnetic properties of nanoparticles were measured
using a cryogenic vibrating sample magnetometer (Cryogenic
VSM mini-CFM-5T-51-H3). The powder sample was prepared after
evaporating the solvent and then wrapped in a Teflon tape. The
hysteresis loops were measured at room temperature. The mag-
netization versus temperature was monitored by zero-field-cooled
(ZFC) and field-cooled (FC) curves. ZFC curve was obtained by first
cooling the sample down to 10 K under a zero field, then mag-
netization was measured under an applied filed of 200 Oe while
the temperature was increased up to 300 K. FC curve was achieved
in the similar way except the sample was cooled down to 10K
under an applied magnetic field of 1 T. Fourier transform infrared
(FT-IR) spectra were obtained by a Shimadzu FTIR-8300 spec-
trometer using KBr pellets. Hydrodynamic size measurement of
the IONPs were carried out by dynamic light scattering (DLS) using
a Malvern Zetasizer 3000 (Malvern, UK). Iron oxide composition in
the final products was determined by using thermal gravimetric
analysis (TGA, Perkin-Elmer TGA-7). The mass loss from 5 mg to
10 mg of lyophilized sample was monitored under N, at tempera-
tures from 50 °C to 650 °C at a rate of 30 °C/min. The investigation
of the binding ability of PP-OA-IONPs with biological molecules
was based on the reported procedure [26,27]. In brief, silicon
wafers capped with a 200 nm thick gold layer were prepared,
and further coated with bovine serum albumin (BSA) through the
physical adsorption of protein to the gold surface [22]. After intro-
ducing the magnetic nanoparticle sample onto the gold surface, the
binding between nanoparticle and BSA could be achieved through
the conjugation of carboxyl groups of the nanoparticle to amino
groups of the protein via 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC)/N-hydroxysuccinimide (NHS)
coupling chemistry [28,29]. After overnight reaction at 4 °C, the
substrate was washed by DI water to remove unbound nanoparti-
cles. An initial investigation on the presence of nanoparticles on
the gold surface was carried out using energy dispersive spec-
troscopy (EDS). The blank gold surface without BSA coating served
as control.

3. Results and discussion

To evaluate their size and morphology, the synthesized OA-
IONPs were examined under TEM (Fig. 2). Highly monodisperse
spherical magnetic iron oxide nanoparticles were achieved in our
experiments. Their diameters were tuned by varying the molar
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Fig. 1. Iron precursor hydrated iron (III) oxide (FeO(OH)) placed on aluminum foil (a) before and (b) after grinding. The black bulky grained iron precursor was ground into
brown fine powder. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 2. (a-e) TEM images of oleic-acid-coated magnetic nanoparticles: OA-IONP-6, OA-IONP-8, OA-IONP-12, OA-IONP-17, and OA-IONP-30. Scale bar, 50 nm. (f) SAED pattern

of OA-IONP-6.

ratio of ligand/precursor. The initial molar ratio of oleic acid to
FeO(OH) in the experiment is denoted as R. The average diameters
of the OA-IONPs synthesized with varied R values are 6.2 + 1.0 nm
(OA-IONP-6, R = 3, Fig. 2a), 8.2 + 0.7 nm (OA-IONP-8, R = 4, Fig. 2b),
12.0 £ 0.8 nm (OA-IONP-12, R = 5, Fig. 2¢), 17.6 £ 1.4 nm (OA-IONP-
17, R=6, Fig. 2d), and 30.5 + 2.3 nm (OA-IONP-30, R = 7, Fig. 2e),
respectively. The selected area electron diffraction (SAED) pattern
of sample OA-IONP-6 (Fig. 2f) shows that the particles are highly
crystalline. The difference between magnetite and maghemite is
not so obvious because there is very minor difference in electron
diffraction of these two phases due to their identical crystal struc-
tures [30]. The evolution of average particle size is strongly depen-
dent on the R value, and an increase in the oleic acid amount
results in the larger particle average size. Similar phenomenon
has also been observed by other research groups [20,31]. When
ligand concentration is increased in synthesis system, the

nucleation step slows down and the particle surface reaction rate
is increased. Thus the particle size is mainly controlled by the
growth step [32,33]. The more oleic acid is introduced here, the
less is the IONP nuclei formed, and their growth tends to form lar-
ger particles.

The coercivities of the OA-IONPs samples were obtained from
their hysteresis curves measured by VSM at room temperature.
OA-IONP-6 (Fig. 3a), OA-IONP-8 (Fig. 3b), OA-IONP-12 (Fig. 3c),
and OA-IONP-17 (Fig. 3d) displayed negligible coercivity, thus par-
ticle agglomeration can be avoided when there is no applied mag-
netic field during the biological experimental procedure. As the
particle size increased to 30 nm, a clear ferromagnetic behavior
was observed for OA-IONP-30 (Fig. 3e) with a coercivity of 120
Oe. Fig. 3f shows the magnified view of the hysteresis loop of
OA-IONP-30 as indicated by the red circle in Fig. 3e. The critical
diameter for the crossover between superparamagnetic and
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Fig. 3. (a-e) Hysteresis loops of oleic-acid-coated magnetic nanoparticles measured at room temperature: OA-IONP-6, OA-IONP-8, OA-IONP-12, OA-IONP-17, and OA-IONP-
30. (f) Magnified view of hysteresis loop of OA-IONP-30 in low magnetic field, as indicated by red circle in (e). (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

ferromagnetic states at room temperature is reported to be
26.2 nm for magnetite and 34.9 nm for maghemite [34]. The aver-
age size of OA-IONP-30 is 30.5 + 2.3 nm, larger than the critical size
for magnetite (26.2 nm) but less than the critical size for maghe-
mite (34.9 nm). The existence of nanoparticles with size beyond
the threshold diameter for the superparamagnetic state indicates
that the composite of OA-IONP-30 was more like magnetite or a
mixture of magnetite and maghemite, rather than pure maghe-
mite. Due to the fact that the ferromagnetic feature might cause
particle self-agglomeration when there is no external magnetic
field applied, OA-IONP-30 is not favorable to be utilized as mag-
netic tags in the bio-sensing applications that require switchable
magnetism. Thus, only the other four superparamagnetic samples
(OA-IONP-6, OA-IONP-8, OA-IONP-12, and OA-IONP-17) were used
as magnetic cores in the following phase-transfer experiment.

The formation of PMAO-PEG copolymer and the surface func-
tionalization of OA-IONPs were examined by FT-IR character-
ization (Fig. 4a). The decrease of 1775 cm™' peak was due to the
decomposition of anhydride, and the increase of 1715 cm™! peak
indicated the formation of -COOH [24]. The corresponding FT-IR
spectrum of the dried PP-OA-IONPs powder shows a characteristic
peak of magnetite at 570 cm™! corresponding to Fe-O bending
vibration. The peak of 1100 cm™! corresponds to —-CH,-O- in
PEG. The peak of 1715 cm™! is attributed to the carboxyl group
in PMAO-PEG. In our experiments, all the four kinds of OA-IONPs
(OA-IONP-6, OA-IONP-8, OA-IONP-12, and OA-IONP-17) synthe-
sized through thermal decomposition method could be success-
fully surface modified by PMAO-PEG and completely transferred
into water. The photos in Fig. 4b display the phase transfer of
OA-IONP-12. With the primary surfactant of oleic acid on the nano-
particle surfaces, OA-IONPs with a hydrophobic nature were dis-
persed in chloroform (left vial). After surface modified with
PMAO-PEG, PP-OA-IONPs were formed and transferred into an
aqueous phase (right vial).

The hydrodynamic sizes of PP-OA-IONPs in DI water and in
phosphate buffered saline (PBS, pH = 7.4) as measured by DLS are

given in Table 1. The average hydrodynamic sizes of PP-OA-
IONP-6, PP-OA-IONP-8, PP-OA-IONP-12, and PP-OA-IONP-17 in DI
water were 24.9 nm, 26.4 nm, 33.4 nm, and 47.6 nm, respectively,
indicating their good dispersion in water. The average hydrody-
namic sizes of PP-OA-IONP-6, PP-OA-IONP-8, PP-OA-IONP-12,
and PP-OA-IONP-17 in PBS were determined to be 22.8 nm,
25.0 nm, 32.1 nm, and 45.8 nm, respectively. The results demon-
strated that PMAO-PEG functionalized nanoparticles retained
almost the same hydrodynamic sizes in PBS as in DI water, which
ensures their stability during in vitro biological experiments using
PBS as environment. In the previous study, our group has found
that the iron oxide nanoparticles (core size ~ 11 nm) surface func-
tionalized with bilayer of fatty acids showed narrow hydrody-
namic sizes of 20-30nm in DI water, while it showed
dramatically increased hydrodynamic sizes of up to 1000 nm in
PBS [27]. The results suggest that stronger interaction existed
between the PMAO-PEG copolymer and the oleic-acid-coated
IONPs, which was less affected by the influence from the salinity
and ionic strength in PBS, as compared to the self-assembled
bilayer structure of fatty acids around IONP particle surface.

The applicability of nanoparticles as magnetic bio-tags requires
a close inspection of their basic magnetic properties. The magnetic
property measurement is usually performed through macroscopic
magnetometry. However, this method cannot distinguish the mag-
netic material from the non-magnetic material in the sample. Here,
the proportion of magnetic iron oxide cores and non-magnetic sur-
factant in the sample was obtained through the heating curves of
PP-OA-IONP measured by TGA (Fig. 5a). The weight percentage of
magnetic iron oxide core in PP-OA-IONP-6, PP-OA-IONP-8, PP-
OA-IONP-12, and PP-OA-IONP-17 was determined to be about
40%, 48%, 59%, and 68% respectively. It can be seen that the amount
of organic coatings on the particle surfaces in PP-OA-IONP samples
decreased as their magnetic core size increased. As the particle
core became larger in size, the total surface area providing binding
sites for surfactants decreased. Larger nanoparticles have lower
surface to volume ratio, so the amount of surfactant on the
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Table 1
Hydrodynamic size of PMAO-PEG functionalized oleic-acid-coated IONPs (PP-OA-
IONPs).

Sample Mean diameter in DI Mean diameter in PBS
water (peak analysis by  (pH = 7.4) (peak analysis by
number) (nm) number) (nm)

PP-OA-IONP-6 249+133 22.8+119

PP-OA-IONP-8 26.4+135 25.0+12.7

PP-OA-IONP-12 334+182 32.1+133

PP-OA-IONP-17 47.6 £24.6 45.8 £22.2

particles surface is reduced and the weight percentage of magnetic
iron oxide core is higher than the smaller ones [35]. Thus, the TGA
results enable important quantitative analysis of the PP-OA-IONP
samples with different particle core sizes.

The magnetic hysteresis loops of the PP-OA-IONP samples were
obtained from VSM measurement at room temperature (Fig. 5b).
All the four PP-OA-IONP samples showed a characteristic super-
paramagnetic feature with negligible hysteresis at room tempera-
ture. By using the TGA results, the saturation magnetization (Ms)
value weighted by iron oxide cores of PP-OA-IONP-6, PP-OA-
IONP-8, PP-OA-IONP-12, and PP-OA-IONP-17 was 50.6 emu/g,
56.7 emu/g, 67.4 emu/g, and 74.8 emu/g, respectively. As the iron
oxide core size increased, an increase in Ms value was observed

100% - (a)

7]

7]

©

g 75%

2

Q.

&

0 50% -

2

o —PP-OA-IONP-6

g 25% | PP-OA-IONP-8

e ——PP-OA-IONP-12
——PP-OA-IONP-17

0%

Temperature (°C)

50 150 250 350 450 550 650

at room temperature, which is consistent with the reported size
effect of magnetite or maghemite particle on its saturation mag-
netization value in the nano regime [31,36]. For the PP-OA-IONP
sample with largest iron oxide core size of 17 nm, its Ms value is
close to the bulk value (74 emu/g of y-Fe,Os;, 90 emu/g for
Fe304). Thus, the PP-OA-IONPs still retained the feature of zero
hysteresis and high saturation magnetization value of their iron
oxide cores at room temperature after surface functionalized by
PMAO-PEG copolymer, which is beneficial for the biosensing
application.

The ZFC and FC curves were measured under a magnetic field of
200 Oe in the temperature ranging from 10 K to 300 K, as shown in
Fig. 6. For all the samples, the two curves show a divergence point
(Tgiv) very close to the maximum point of the ZFC curve (blocking
temperature, Tg), suggesting narrow size distribution of the nano-
particles [37]. This is consistent with the observation on the size
distribution of iron oxide nanoparticles in the TEM images
(Fig. 2a-e). The progressive increase of the FC curve with the
decreasing temperature below Ty indicates that the dipolar interac-
tion have been largely reduced due to the surfactants taking the
particles apart [38]. The ZFC/FC curves of the four PP-OA-IONP
samples displayed a typical magnetic behavior of superpara-
magnetic nanoparticles, of which the most distinctive feature is
the increase of the Tz with the particle size, from ~55K of the
smallest one (PP-OA-IONP-6) to ~225K of the largest one (PP-
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Fig. 5. TGA results and VSM results of amphiphilic co-polymer functionalized oleic-acid-coated iron oxide nanoparticles. (a) Heating curves of PP-OA-IONP-6, PP-OA-IONP-8,
PP-OA-IONP-12, and PP-OA-IONP-17. (b) Magnetization curves of PP-OA-IONP-6, PP-OA-IONP-8, PP-OA-IONP-12, and PP-OA-IONP-17 measured at room temperature.



66 L. Li et al. /Microelectronic Engineering 144 (2015) 61-67
5|\ (@) PP-OA-IONP-6 5|\ (b) PP-OA-IONP-8
Ll & 200 Oe
c c
2 k)
et et
© ©
= N
3 3T
c c —F
> > 110K ~ e
E T T T T T E T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

PP-OA-IONP-12

200 Oe __FC

—ZFC

I

~175 K

Magnetization (a.u.)

(d)

PP-OA-IONP-17

—FC
—ZFC

|

~225K

Magnetization (a.u.)

0 50 100 150 200 250 300

Temperature (K)

0 50 100 150 200 250 300

Temperature (K)

Fig. 6. ZFC/FC curves of the PMAO-PEG amphiphilic co-polymer functionalized oleic-acid-coated iron oxide nanoparticles with different core sizes (a) 6 nm (PP-OA-IONP-6),
(b) 8 nm (PP-OA-IONP-8), (c) 12 nm (PP-OA-IONP-12), and (d) 17 nm (PP-OA-IONP-17).

Spectrum 1

(@)

Spectrum 1

(b)

c Al Al
Ti TiTi Al Au al Ti 7 Au Au al
D 1 2 3 4 5 6 7 8 9 10 1 2 3 4 5 6 7 8 9 10

Full Scale 2229 cts Cursor. -0.100 (4 cts) keV|Full Scale 1326 cts Cursor. -0.074 (39 cts) keV|
(c) Spectrum 1 (d) Au Spectrum 1
Si
Au
¢ Al
all AT Ti Ti Au Au g
T T T T T Y T T T ¥ y
10 |0 1 2 3 4 5 6 7 8 9 10
[Full Scale 1599 cts Cursor:. -0.135 (0 cts) keV|[Full Scale 2897 cts Cursor: -0.192 (0 cts) keV|
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OA-IONP-17) [39]. One thing to note here is that the surfactant was
reported to enhance the particle anisotropy energy, and thus the
blocking temperature of naked particles increased after surface
modification [40]. In our case, the blocking temperatures of the
four samples after functionalized by amphiphilic copolymer were
still lower than room temperature. It ensures the superpara-
magnetic properties of the four PP-OA-IONP products when they
are used in bio-sensing application at room temperature.

The experiment to investigate the biologically binding ability of
the PMAO-PEG functionalized IONPs samples was carried out with
the BSA-pretreated gold surface through a standard EDC/NHS
chemical coupling method. Fig. 7 presents the EDS results, and
the insets show SEM images of the respective substrates that were
analyzed. The PP-OA-IONP-12 sample was used here as a represen-
tative example. The elements of Si, Au, Ti, Al, and C come from the
non-BSA pretreated silicon substrate capped with gold surface
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(Fig. 7a). The presence of oxygen and dramatically increased
amount of carbon in Fig. 7b verified the protein coating on the gold
surface after pretreated by BSA. After introducing nanoparticles
onto the BSA-pretreated gold surface and EDC/NHS coupling proce-
dure, the nanoparticles without protein binding ability were
removed during the following washing step by DI water [27]. In
Fig. 7c, the principal elements of the BSA-IONP complexes were
confirmed by the presence of iron, carbon, and oxygen in the EDS
result. The binding of PP-OA-IONPs onto the BSA-pretreated gold
surface should be through the free -COOH groups on the outmost
layer of the nanoparticles to the -NH, groups of the BSA via
EDC/NHS coupling. Besides, there was no presence of Fe element
in the control experiments using non-BSA-pretreated gold surfaces
(Fig. 7d). Thus, the initial bio-binding ability study confirms bio-
molecules binding ability of the PP-OA-IONP samples. They can
be potentially applied as magnetic tags for bio-molecules labeling.

4. Conclusion

Here, size-controllable amphiphilic copolymer functionalized
oleic-acid-coated iron oxide nanoparticles (PP-OA-IONP) were syn-
thesized. The relevant properties of the products in order to be
used as magnetic bio-tags were characterized and discussed. The
core sizes of the iron oxide nanoparticles could be tuned by simply
varying the initial ratio of starting materials. The polymer coating
of particle surface was proven by FT-IR measurement and TGA
measurement. The hydrodynamic size of the synthesized nanopar-
ticles in DI water and PBS were determined. The magnetic proper-
ties of particles were studied by using VSM. We also investigated
the binding ability of these PP-OA-IONPs with BSA through stan-
dard procedure on gold thin film. The presence of free carboxyl
groups on the outmost layer of the particles provides an avenue
for the coupling reactions with proteins and other molecules. For
the superparamagnetic iron oxide nanoparticles (6 nm, 8 nm,
12 nm, and 17 nm), our research results demonstrated that the
successful coating of amphiphilic co-polymer ensured their good
dispersity in aqueous environment, enabled their bio-binding abil-
ity with protein, and retained their superparamagnetic property
and high saturation magnetization value at room temperature.
With tunable core size from 6 nm to 17 nm (tunable hydrodynamic
size from ~24 nm to ~47 nm in aqueous solution), these super-
paramagnetic PP-OA-IONP products have great potential to be
applied in the micro-/nano-electronic biomedical engineering.
For example, in recent years, the spintronic sensors have been
widely utilized as signal detectors in the lab-on-chip bio-detection
platforms for point-of-care applications because of their compati-
bility with the standard CMOS fabrication technology. In this kind
of platform, magnetic iron oxide nanoparticles usually serve as bio-
tags, of which the magnetic signal induces the resistance change in
spintronic sensor. The resistance variation of spintronic sensor is
measured through micro circuit, and the number of magnetic
nanoparticles and the amount to targeting bioanalytes are
obtained after data analysis [41-43]. To avoid steric hindrance
effect and to improve the accuracy of signal analysis, the size of
magnetic particle labels should be comparable to that of bioana-
lytes [44]. Thus, the size-tunable PP-OA-IONPs are highly promis-
ing to be applied for the detection of bioanalytes with varied
sizes in lab-on-chip biosensors.
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