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Magnetic biodetection systems based on the magnetic properties of nanoparticles have received 
considerable attention because most biological samples exhibit no magnetic background and highly 
sensitive measurements can be performed in visually obscured biological samples. Magnetic iron 
oxide nanoparticles (IONPs) emerge as an excellent candidate because they are physically and 
chemically stable, bio-compatible, environmentally safe, and inexpensive to produce. This review 
focuses on the IONP-based magnetic biodetection and how the magnetic properties of IONPs are 
used to determine the presence of the bound bioanalytes. The magnetic permeability, magnetic 
relaxation, and stray magnetic field of IONPs are elaborated and the mechanism they are being 
applied in magnetic biodetection is explained. Information about the typical chemical synthesis 
methods and the properties of the IONP products are summarized. Recent advances on the mag
netic biodetection with IONPs are explored. Moreover, the prospect of using IONP-based magnetic 
biodetection to provide a multiplexing and miniaturized testing platform for health care is revealed. 
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1. INTRODUCTION 
A highly sensitive and rapid quantitative biodetection 
system is very important for early medical diagno
sis as well as in molecular biology research area. 1.2 
The fluoroimmunoassay is widely used in biodetection 
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technologies.3- 7 However, this method is susceptible to 
external interference, such as the fluorescent background 
of biological components, fluorescence quenching and 
photobleaching of the fluorescent probes. The biodetec
tion method utilizing magnetic nanoparticles and magnetic 
sensors as bio-labels and detectors is remarkably advan
tageous over the traditional means.8- 10 The dimension of 
magnetic nanoparticles is compatible with biological tar
gets such as protein with size of few nanometers. The 
small size of magnetic nanoparticles avoids blocking bio
molecular interactions, and one small nanoparticle tends to 
conjugate with one biomolecule or at most a few of them, 
which allows establishing a quantitative relation between 
the number of captured particles and the amount of actual 
biological molecules.11 The magnetic properties of mag
netic nanoparticles are very stable, and they are not sub
ject to photo-bleaching. Most biological systems do not 
exhibit significant magnetic background, thus the mag
netic signal of magnetic nanoparticles can be detected with 
high signal-to-noise ratio. In addition, magnetic nanoparti
cles can be remotely manipulated by applying a magnetic 
field . 

Magnetic nanoparticles used as bio-probes are essen
tial for a successful magnetic biodetection, and iron oxide 
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nanoparticles (IONPs) have been a popular choice due to 
their high physical and chemical stability, low toxicity, 
environmentally safe property, and inexpensive produc
tion cost. The composition, size, and magnetic property 
of the IONPs can be modulated through synthesis pro
cess. The magnetic signals of IONPs can be detected 
by using advanced and newly developed instruments of 
microelectronics, spintronics, and nanotechnologies. This 
review is divided into three sections. The first section 
provides an overview of the fundamental magnetic prop
erties of IONPs which are (i) magnetic permeability, 
(ii) magnetic relaxation, and (iii) stray magnetic field, 
and the biosensing principles that employ these prop
erties are also mentioned. The typical and representa
tive synthesis methods of IONPs and the properties of 
the corresponding end-products are described in the sec
ond section. The last section reviews the recent research 
developments in the IONP-based magnetic detection con
figurations. The prospect of using IONP-based magnetic 
biodetection with appropriate magnetic signal detectors, 
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to provide a multiplexing and miniaturized testing platform 
for health care application, is also revealed. 

2. MAGNETISM OF IONPs 
2.1. Magnetic Relaxation of IONPs 
As the applied magnetic field is changed, IONPs show 
magnetic relaxation behavior and reach to an equilibrium or 
steady-state condition. The characteristic time in magnetic 
relaxation is known as relaxation time, which is influenced 
by both the environment and the properties of the particle 
itself. Thus, . the investigation of magnetic relaxation can 
give information about the size and status (mobile or immo
bile) of the particle. Magnetorelaxometry is the measure
ment of the relaxation of magnetic particles. In a typical 
magnetorelaxometry for IONPs, the moments of magnetic 
nanoparticle are first aligned by a magnetic field and the 
net magnetic signal decay as a function of time is detected 
after removing the field. 12

• 
13 Generally speaking, the mag

netic relaxations of IONPs fall into two categories: Nee! 
relaxation and Brownian relaxation (Fig. I). 
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(b) 

Fig. 1. Relaxation mechanism of a single-domain iron oxide nanopar
ticle (IONP). (a) Brownian relaxation, the yellow arrow represents the 
physical rotation of the entire IONP. (b) Nee I relaxation, the dashed yel
low arrow represents the rotation of magnetic moment within the IONP. 
The red arrow represents the direction of magnetization. 

For mobile IONPs, both the Brownian relaxation and 
Neel relaxation exist after an applied magnetic field 
is removed. For immobile IONPs, only Neel relaxation 
exists after removing the magnetic field. As shown in 
Figure I (a), the Brownian relaxation is the physical rota
tion of the IONPs with relaxation time ( T 0 ) , which is 
mainly determined by the hydrodyanmic sizes of the 
IONPs in ferrofluid, viscosity of the medium, and tem
perature. The Brownian relaxation time can be found by: 
T0 = 3rtVH/k0 T, where Tf is the viscosity of the medium, 
VH is the hydrodynamic volume, k0 is Boltzmann's con
stant and T is the temperature. As shown in Figure 1(b), 
the Neel relaxation is the rotation of the magnetic moments 
within the IONPs with relaxation time (TN), which origi
nates from the anisotropy of the crystalline lattice. 14 When 
the IONP is magnetized along the easy magnetization axis, 
the energy is minimized. If the external field rotates the 
magnetization away from the easy axis, the magnetiza
tion eventually returns to its preferred direction after the 
external field is removed. The Neel relaxation time for 
a single domain particle is independent of the hydrody
namic size of the particle, and it can be found by: TN = 
r0 exp(tl.E/k0 T), where T0 is the order of 10-10-10- 12 s, 
k8 T is the thermal energy, and tl.E is the energy barrier 
to moment reversal. In the simplest cases, it is given by 
tlE = KV, where K is the magnetic anisotropy constant 
and V is the magnetic core volume. The parameters To 

and K depend on the shape of the particle. The effec
tive relaxation time ( Teff) for the mobile particles can be 
derived by considering both Brownian and Nee1 relaxation 
act simultaneously: 1/Teff = 1/T0 + l/TN . The equation of 
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Teff indicates that the smallest time constant dominates the 
physical process of particle relaxation, which is related to 
the hydrodynamic size and magnetic core volume. Gen
erally speaking, Neel relaxation is faster than Brownian 
relaxation for small particles, while the Brownian relax
ation is faster than Neel relaxation for large particles. 
There usually exists a critical volume above which the 
Brownian relaxation mechanism becomes dominant (TN» 
T 0 ), in which the Brownian time constant To dominates 
T0ff; for an ideal single-domain spherical IONP at room 
temperature, the typical critical diameter is about 20 nm. 15 

By utilizing suitably sized IONPs on which Brownian 
relaxation is much faster than Nee! relaxation, 16 there 
are mainly three kinds of biodetection mechanisms which 
can be realized through magnetometry. In the first mech
anism, there is no crosslink during the detection of 
small biomolecules. When the small biomolecules bind 
onto the surface of a mobile IONP in suspension, the 
IONP remains mobile but with an increased hydrodynamic 
size. The increased hydrodynamic size of IONPs after 
binding with small biomolecules results in an increased 
Brownian relaxation time while Nee) relaxation time 
remains unchanged. Thus the biomolecule-bound IONPs 
can then be distinguished from the unbound ones by their 
increased Brownian relaxation time. In the second mech
anism, the detection of biomolecules takes place through 
the crosslinking process whereby IONPs forming clus
ters. When the concentration of detecting biomolecules 
increases, larger size of IONP-biomolecule clusters form 
during the crosslinking process and the Bn;>wnian relax
ation time of the magnetic clusters increases accordingly. 
When these clusters become large enough, the Brownian 
relaxation becomes so slow that the relaxation is domi
nated by the Nee! mechanism, where the maximum relax
ation time constant is reached. Therefore, before the Nee! 
mechanism dominates the relaxation, the concentration of 
detecting biomolecules can be obtained from the relaxation 
time of magnetic clusters. The third mechanism is about 
the detection of large immobile biomolecules in suspen
sion or bioanalytes attached onto a solid substrate. When 
the IONPs bind to the immobile large biomolecule or bio
analytes linked onto solid substrate, the IONPs are immo
bilized into immobile status and their relaxation switches 
from Brownian to Neel relaxation. On the other hand, 
the unbound IONPs are still dominated by the Brownian 
relaxation. Thus, the biomolecule-bound IONPs can be 
distinguished from the unbound ones by their different 
relaxation times. 17 

2.2. Magnetic Permeability (Susceptibility) of IONPs 
The magnetic permeability/susceptibility indicates the 
ability of an IONP to become magnetized in response to 
an applied magnetic field. In magnetic biodetection, both 
magnetic permeability and magnetic susceptibility have 
been used in literature and they are closely related to 
each other. When a magnetic field (H) is applied, atomic 
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moments of individual particle contribute to the overall 
magnetic induction B: B = 11-o(H + M) = 11-o(I + x)H = 
ILo~LrH = 11-H, where 11-o is the permeability of free space, 
11-r is relative magnetic permeability, 11- is magnetic perme
ability, and the magnetization M is the magnetic moment 
on a volume V of the particle (magnetic dipole moment per 
unit volume). The volumetric magnetic susceptibility, x. 
describes the relation between the magnetic field H and 
the magnetization M induced in particles by the magnetic 
field: M = xH. Thus, the volumetric magnetic suscepti
bility x. and the magnetic permeability 11-. are related by 
the following formula: II-= 11-o(I + x). while the magnetic 
susceptibility and the relative permeability are related as: 

11-r =I+ X· 
There are two main kinds of biodetection schemes 

which utilize the magnetic permeability/susceptibility of 
IONPs. The first one is based on the measurement of mag
netic permeability by using inductance-based magnetic 
permeability detector. For a given material, the relative 
magnetic permeability (~I-,) is a constant value. When a 
magnetic material is placed inside a coil, the inductance L 
for the coil is described by L = (~L,ILoA)jLN2 , where 11-r is 
the relative magnetic permeability of the material in the 
coil, 11-o is the permeability of a vacuum, A is the cross
section area of the coil, L is the coil length and N is the 
tum number of the coil. Thus, the signal of IONPs can 
be measured by placing them into the magnetic perme
ability detector. Based on this principle, the first biosen
sor utilizing magnetic permeability was developed by Kriz 
et al. in 1996. 18 In this kind of detection scheme, super
paramagnetic iron oxide nanoparticles (SPIONs) is prefer
able. This is because SPIONs with size less than 10 nm 
usually consist of single magnetic domains, 19 and all of 
the magnetic domains can be aligned in SPIONs. In large 
magnetic nanoparticles, they typically consist of multiple 
magnetic domains that are not well aligned and thus inter
fere with each other.20 Therefore, SPIONs exhibit a rel
ative high magnetic permeability/susceptibility which can 
induce stronger output signal in the inductive coil. 

The second scheme of detection is based on the mag
netic complex susceptibility of IONPs, which is closely 
related to the relaxation mechanism of IONPs. Due to 
the finite rate of magnetization change with time, the 
magnetization of ferrofluid lags behind the application of 
a magnetic field. In this case, the dynamic behavior of 
magnetized ferrofluid in response to an alternating mag
netic field can be described by the complex magnetic 
susceptibility, x(w) = x'(w)- ix"(w). The in-plane com
ponent of the magnetic susceptibility x'(w), is related to 
the storage of the magnetic energy; while the quadrature 
component x" ( w ) , is related to the dissipation of mag
netic energy. According to Debye's theory,21 the spec
trum of the complex magnetic susceptibility of the fluid 
is given by: x'(w) = Xo/[1 + (wT)2], x "(w) = XoWT/[1 + 
(wT)2], where Xo is the magnetic susceptibility of the 
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fluid at frequency w = 0. The real part x ' (w) decreases 
monotonically with increasing frequency, whereas the 
imaginary part x" ( w) reaches its maximum at wT = 1. The 
frequency w at which x "(w) reaches its maximum can be 
measured experimentally by using for example AC sus
ceptometer, and T is the magnetic relaxation time of the 
particle.22 For suitably-sized mobile IONPs (larger than 
20 nm), their Brownian relaxation is faster than Neel relax
ation, and Brownian time constant T8 dominates the relax
ation time T. When these IONPs become immobile (e.g., 
if the IONPs bind to immobile large biomolecule or the 
bioanalytes linked onto solid substrate), they can only per
form Neel relaxation and Neel time constant TN dominates 
T. Since T and w are related as T = 1 j w, the frequency 
w measured experimentally can be used to distinguish the 
Brownian relaxation and Nee) relaxation of IONPs. 10

• 
23 

When the IONPs become immobile due to binding with 
immobile large biomolecule or bioanalytes linked onto 
solid substrate, their relaxation switches from Brownian to 
Neel relaxation. On the other hand, the unbound IONPs 
maintain the Brownian relaxation. Thus, the bound IONPs 
can be distinguished from the unbounded ones by their 
frequency w at which x" ( w) reaches its maximum. 

When biomolecule is bound to a magnetic particle, there 
is an increase in hydrodynamic radius of the particle. For 
the mobile IONP dominated by Brownian relaxation, its 
Brownian relaxation time T 8 satisfies the equation T 8 = 
37jV jk 8 T as discussed previously, which is related to 
its particle hydrodynamic size. Since the frequency w at 
which x"(w) reaches its maximum has relation with T8 as 
wT8 = 1, w is also related to the particle hydrodynamic 
size. Thus, the increase of the hydrodynamic radius of 
the particle after binding with biomolecules is reflected 
by the decrease of frequency w of the maximum x "(w). 
From the frequency dependence of complex susceptibility 
x"(w), the biomolecule-bound IONPs can be distinguished 
from the unbound IONPs. 

2.3. Stray Magnetic Field of IONPs 
Detection based on the change of magnetic relaxation or 
magnetic permeability/susceptibility works in substrate
free schemes. Therefore, when the biodetection is carried 
out with the presence of a substrate, the measurement 
of stray magnetic field of IONPs is usually performed 
instead.24 As shown in Figure 2, two common kinds 
of bioassays have been carried out by using magnetic 
field sensors and magnetic nanoparticles. The biodetec
tion can be carried out through complementary connec
tion between two biomolecules (e.g., streptavidin-biotin 
interaction or complementary DNA sequence recogni
tion) (Fig. 2(a)). The target biomolecules are immobilized 
on the surface of magnetic field sensor, and the com
plementary biomolecules are coated onto the magnetic 
nanoparticles. When the bio-labeled magnetic nanoparti
cles pass over the sensor surface, they are bound to the 
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Fig. 2. Schematic illustrations of (a) complementary bioassay and (b) sandwich immunoassay based on magnetic field sensor and magnetic nanopar
ticles. The stray magnetic field produced by the magnetic labels induces a signal in the magnetic field sensor. 

target biomolecules, and the excess ones are then washed 
away. Alternatively, the biodetection is conducted through 
sandwich immunoassay (Fig. 2(b)). The magnetic field 
sensor and magnetic nanoparticles are coated with cap
turing antibody and detecting antibody, respectively. The 
target biomolecule (usually refer to the antigen) acts as a 
linker between the magnetic nanoparticles and magnetic 
field sensor, and the excess magnetic nanoparticles are 
then washed away. Finally, the magnetic stray field from 
the bound magnetic nanoparticles is detected by the mag
netic field sensor, which reflects the presence of the target 
bioanalytes. 

The stray field is the magnetic field generated by the 
magnetization in a magnetic particle. To acquire ultra
high sensitivity in biodetection by using magnetic field 
biosensors, the IONPs need to possess high magnetic 
moment so that the stray magnetic field generated can be 
strong enough to be detected by the magnetic field sen
sor. In addition, the IONPs also need to be superpara
magnetic so that particle agglomeration can be avoided 
when there is no applied magnetic field.25 However, the 
superparamagnetic IONPs have to be magnetized by an 
excitation magnetic field in order to produce a stray field 
as sensor signal. There are two major directions to apply 
the excitation magnetic field: vertical mode and in-plane 
mode. As shown in Figure 3, it is assumed that the origin 

(a) 
Applied magnetic f~eld 

lllllll 
(b) 

(0, 0, 0) is located at the center point of the particle. The 
sensitive direction of the sensor is along the x-direction, 
thus only the magnetic stray field along the x-direction 
emanated from the IONPs can be detected by the sensor. 
In the vertical mode (Fig. 3(a)), an external magnetic field 
is applied along the direction perpendicular to the sen
sor surface (z direction). The magnetic stray field along 
the x-direction produced by a single magnetic particle is 
related to its magnetic moment, and is given by Bx = 
JLo3mzxj(4'TT(x2 + l + z2

)
512

) where m is the magnetic 
moment of the particle. In the in-plane mode (Fig. 3(b)), 
an external magnetic field is applied along the direction 
parallel to the sensor surface (x direction). The magnetic 
stray field along the x-direction produced by a single mag
netic particle is also related to its magnetic moment, and 
is given by Bx = (JL0 mj4'TT(x2 + l + z2

)
312)(3x2 j(x2 + 

l + z2 ) 513 - 1 ). If the magnetic particle with radius a is 
separated from a sensor by an overlayer with thickness t, 
by substituting z = (a+ t), d = (x2 + /) 112 and m = 
4M'TTa3 /3 where M is the magnetization of the particle 
(magnetic dipole moment per unit volume), the stray mag
netic field emanated from IONPs on the top surface of the 
sensor can be obtained from the following equations: Bx = 
(JL0 Ma3 (a+ t )d / ( (a+ t )2 + d2

) 512
, (y = 0) for the vertical 

mode; and Bx = (JL0 Ma3 j3((a+t)2 +d2
)

312
, (x = 0), Bx = 

( (JL0Ma3 /3( (a+ t) 2 + d2
)

312
)( (3d 2 /((a+ t) 2 + d2

)
513

- 1 ), 

/ .. -------- -~ -------

. -........ --Applied 
-magnetic 
-r .. Id --

Fig. 3. Illustration of the stray magnetic field produced by magnetic iron oxide nanoparticle (IONPs) magnetized by the magnetic field in the 
(a) perpendicular and (b) parallel direction to the magnetic field sensor surface. 
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(y = 0) for the in-plane mode.26 From these equations, it 
can be found that the magnetization of IONPs and the 
distance separating the sensor from IONPs are two impor
tant parameters for the detection of magnetic stray field 
emanated by IONPs. Thus, in the design of these two 
detection schemes, thinner overlayer on the sensor sur
face, higher magnetization and smaller size of IONPs can 
induce stronger magnetic signal for the sensor detection. 

The significant difference between these two modes is 
the zero-particle signal which is the signal output from 
the magnetic field sensor without the presence of IONPs. 
For the vertical mode, there is no signal output when no 
nanoparticle is presented. For the in-plane mode, there is 
a non-zero signal output from the sensor induced by the 
excitation magnetic field. Therefore, a reference is needed 
for the in-plane mode. The signal of IONPs can only be 
obtained by comparing the output signal of the sensor with 
its corresponding reference. For more information about 
the advantages and disadvantages of these two modes, one 
can refer to an excellent review about the giant magne
toresistance biosensors.27 

3. SYNTHESIS AND SURFACE 
MODIFICATION OF IONPs 

The significant advantage of IONPs in biomedical appli
cations is that they are benign, nontoxic, and they are cur
rently the only magnetic nanoparticle material approved by 
the U.S. Food and Drug Administration.28 Besides, IONPs 
offer the advantage of multiple synthetic routes for their 
fabrication. There are numerous physical and chemical 
methods for the synthesis of IONPs which are well doc
umented in literatures. The physical methods, for exam
ple ball milling and electrodeposition, can be adapted to 
mass production, but the size and shape of the nanopar
ticles are difficult to contro1.29

• 30 Solution-based chemi
cal methods have been investigated for the synthesis of 
IONPs with high quality. In this section, we briefly intro
duce three typical and representative chemical methods for 
the synthesis of IONPs, including co-precipitation method, 
micro-emulsion technique, and thermal decomposition of 
precursors. 31 - 33 

Li eta/. 

3.1. Co-Precipitation Method 
The co-precipitation method is a simple way for the IONP 
synthesis. The synthesis of IONPs by alkaline precip
itation of Fe3+ and Fe2+ ions was first introduced by 
Massart.34 The formation of magnetite (Fe30 4 ) nanopar
ticles is through the chemical reaction: Fe2+ + 2Fe3+ + 
SOH- ~ Fe30 4 + 4H20. Magnetite is not very stable and 
can be further oxidized into maghemite ( yFe20 3) in the 
presence of oxygen: Fe30 4 + 2H+ ~ yFe20 3 + Fe2+ + 
H20. In Massart's synthesis, the IONPs were magnetite 
nanoparticles with a roughly spherical morphology of an 
8 nm diameter. The Massart's synthesis technique has 
been adopted by other research groups, and the size of 
IONPs was varied from 2 nm to 17 nm by adjusting the 
acidity and ionic strength in the synthesis process.35

• 
36 

This method does not require high temperature, and can 
be easily applied in large-scale production of IONPs. 
The products can be directly dispersed in water with
out further treatment. However, the synthesized IONPs 
are highly polydisperse and showed relatively poor crys
tallinity. Table I provides representative results includ
ing mean particle size and saturation magnetization value 
of the IONPs synthesized through the co-precipitation 
method. All of these samples are superparamagnetic with 
a roughly spherical morphology. However, very few litera
tures reported information about the magnetic susceptibil
ity of IONPs samples. 

3.2. Micro-Emulsion Method 
Micro-emulsion method is also performed in aque
ous solution similar to co-precipitation method, but the 
former offers better monodispersity control of IONPs 
products. The water-in-oil microemulsion consists of nano
sized water droplets dispersed in an oil phase, offer
ing a microenviroment for the formation of IONPs. The 
surfactant-covered water droplets limit the growth of 
IONPs, and the size of IONPs can be controlled by chang
ing the ratio of water to surfactant, and the concentration 
of reactants.44 However, the precipitated IONPs is confined 
to the interior of the nanodroplets, thus the range of an 
IONP diameter is limited by the size of the nanodroplets. 

Table I. Characteristics of IONPs synthesized through co-precipitation method. 

Type of IONPs 

F~04 
Fe30 4 

Fe30 4 

y-F~03 
y-Fe20 3 

y-Fe20 3 

Fe30 4 

Fe30 4 

402 

Size (diameter) (nm) 

2-4 
8.8±2.7 

8-10 
14 (average size) 

17.5 (average size) 
2.9±0.7 

8±2 
10 (average size) 
10 (average size) 
I I (average size) 

Saturation magnetization (IONPs) (emu/g) Magnetic susceptibility References 

17-24 N/A (37] 
65-70 1.1 X J0- 3 tO 2.3 X J0- 3 emu (38] 

(g of Fe30 4 ) - ' Oe- 1 

77 N/A (39] 
68 N/A (40] 

65.4 N/A (36] 
34.7 N/A (41] 
50.5 N/A (42] 
57 N/A (39] 
57 N/A (43] 

61.5 N/A (25] 
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Fig. 4. Proposed mechanism for the formation of iron oxide nanoparti
cles (IONPs) through the microemulsion method. 

The IONPs synthesized via microemulsion method often 
suffer from poor crystallinity, as compared to the ones via 
co-precipitation method. Figure 4 shows a typical method 
by mixing two microemulsions to produce IONPs.44 There 
are two microemulisons prepared containing ferric and fer
rous ion solution, and alkali solution, respectively. After 
mixing them together, interchange of the reactants occurs 
during the collisions of the water droplets. Then the nucle
ation and growth of iron oxide nanoparticles take place 
inside the droplets, which control the final size of the 
particles. Comparing with the other two synthesis meth
ods (co-precipitation and thermal decomposition), the data 
about the IONPs obtained from micro-emulsion is rela
tively scarce, thus we do not list them in a table here. 
The IONPs syntheiszed through microemulsion might be 
a mixture of Fe30 4 and Fe20 3 , with spherical morphology, 
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usualy small in size (less than 15 nm) with narrow size 
distribution, displaying the saturation magnetization value 
between I 0 emu/g to 50 emu/g.45-48 

3.3. Thermal-Decomposition Method 
Thermal decomposition of iron precusor in high-boiling
point solvents, with the presence of stabilizing surfactant, 
can produce high-quality monodisperse and monocrys
talline iron oxide nanoparticles. The iron precusors utilized 
in thermal decomposition include iron acetylacetonate 
Fe(acac)3 , iron carboxylate FeO(OH), iron cupferronates 
Fe(cup)3 , hydrated ferric salts (FeCI3 · 6H20), and iron 
carbonyls Fe(C0)5 .33•49-51 The commonly used stabiliz
ing surfactants are oleylamine, oleic acid, and steric acid. 
Through the thermal decomposition of Fe(acac)3 , high
quality IONPs can be obtained with sizes ranging from 
3 to 20 nm.52 When iron carboxylate salts are used as 
precusors, the IONPs of 6 to 30 nm with narrow size 
distributions can be achieved.33 IONPs with sizes ranging 
from 5 nm to 19 nm can be prepared by using Fe(C0)5 

as precusor.53 The IONPs obtained through this method 
are usually hydrophobic, and require further phase transfer 
procedures to make them hydrophilic.54· 55 Table II pro
vides some representative results of the IONPs synthesized 
through the thermal decomposition of various iron pre
cursors. Through this method, the morphology of IONPs 
products can be controlled to be spherical or cubic. Their 
saturation magnetization values are between 3 emu/g to 
84 emu/g. 

4. RECENT ADVANCES ON THE MAGNETIC 
BIODETECTION WITH IONPs 

As discussed previously, the main magnetic properties of 
IONPs employed in biodetection are magnetic relaxation, 

Table II. Characteristics of IONPs synthesized through thermal decomposition method. 

Iron precursor Type of IONPs Size (diameter) (nm) Morphology of IONPs Saturation magnetization (emu/g) References 

Fe(C0)5 y-Fe20 3 5 Sphere 23 (with surfactant) (53] 
Fe(C0)5 y-Fe20 3 19 Sphere 42 (with surfactant) (53] 
Fe(C0)5 y-Fe20 3 II Sphere 46 ( with surfactant) (53] 
Fe(acac)3 Fe30 4 5 Sphere 27 (56] 
Fe(C0)5 y-Fe20 3 12 Sphere 50 (coercivity: 45 Oe) (56] 
Fe(C0)5 Mixture of Fe30 4 14.5 Sphere 59 (coercivity: 45 Oe) (56] 

and y -Fe20 3 

Fe(Cup)3 -y-Fe20 3 6.7 ± 1.4 Sphere N/A (57] 
FeCI3 -6H20 Fe30 4 4 Sphere 3 (58] 
FeCI3 -6H20 Fe30 4 12 Sphere 59 (58] 
FeCI3 ·6H20 Fe30 4 60 Cube 84 (coercivity: 85 Oe) (58] 
Iron oleate Fe30 4 II nm Mixture of diamond, 72 (59] 

cubic and, triangular 
shaped particles 

Fe(acac)3 Fe30 4 6.9 Sphere 71 (59] 
Fe(acac)3 Fe30 4 5.7 Sphere 65 (59] 
Iron oleate Mixture of Fe30 4 8 Sphere 31 (60] 

and y -Fe20 3 (side length) 
Iron oleate Mixture of Fe30 4 8 Cube 40 (60] 

and -y-F~03 (side length) 
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magnetic permeability/susceptibility, and stray magnetic 
field. Accordingly, three general categories of magnetic 
biodetection schemes are developed based on these mag
netic properties of IONPs. 

4.1. Biodetection Based on Magnetic 
Relaxation of IONPs 

In the detection mechanism based on magnetic relaxation 
of IONPs, IONPs are used as magnetic bio-markers for 
the specific detection of target biomolecules. The target 
biomolecules need to be bound with the IONPs, and this 
binding would suppress the Brownian relaxation of IONPs. 
Meanwhile, the unbound IONPs still undergo their original 
Brownian relaxation. Therefore, when the magnetic field 
applied to align their magnetic moments is switched off, 
the biomolecule-bound IONPs and unbound IONPs exhibit 
different relaxation behavior. With this phenomenon, the 
bound IONPs can be distinguished from the unbound 
IONPs due to their different magnetic relaxation times, 
and the unbound IONPs do not need to be washed away. 
As discussed previously, there are three main kinds of 
biodetection situations which can be realized in this detec
tion scheme: the detection of small biomolecules when 
there is no crosslink, the detection of biomolecules through 
crosslinking process whereby IONPs forming clusters, and 
the detection of large immobile biomoleculesin suspen
sion or bioanalytes attached onto a solid substrate. In this 
section, we summarize the recent research progress in 
the biodetection based on magnetic relaxation of IONPs, 
in which the relaxation signal is mainly measured through 
magnetorelaxometry using superconducting quantum inter
ference devices (SQUID), fluxgates, or magnetoresistive 
(MR) sensor. 

SQUIDs have been used to detect the magnetic relax
ation signal of magnetic nanoparticles, as they have the 
highest sensitivity among solid-state magnetic field sen
sors. A homogenous magnetic immunoassay based on the 
measurement of magnetic bio-markers bound onto a sub
strate using a SQUID has been developed by Chemal 
et al. 15 The IONPs used in their study were Fe30 4 

nanoparticles with size of around 20 nm. For an ideal 
single-domain 20-nm Fe30 4 nanoparticle, the Brownian 
relaxation time (r8) and Neel relaxation time (rN) are r8 ~ 
1 JLS and TN ~ 1 s respectively, indicating its relaxation 
behavior is dominated by Brownian relaxation. A plas
tic film bound with target liposomes served as substrate. 
The liposomes carried the human CCR5 receptor, which 
were altered to carry the FLAG epitope. After the addition 
of a suspension of Fe30 4 nanoparticles carrying antibod
ies which direct against the liposomes, the nanoparti
cles bound to the target liposomes became immobilized 
and underwent Neel relaxation. The unbound nanoparti
cles relaxed by Brownian rotation after the magnetic field 
was turned off. The measurement speed of the SQUID 
was between 1 ms and 1 s. The Brownian-relaxation 
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time scale of unbound Fe30 4 nanoparticles was shorter 
than the response time of the SQUID electronics. As 
a result, only the slowly decaying magnetic field pro
duced by the bound Fe30 4 nanoparticles was detectable 
by SQUID. The sensitivity of this method for liposomes 
detection was approximately 0.1 mM-2 mM. Later, Gross
man et al. demonstrated the detection of bacteria (L. 
monocytogenes) utilizing the 50-nm-diameter antibody
conjugated dextran-coated y-Fe20 3 nanoparticles with a 
SQUID as the detector.61 This assay showed that the tar
get bacteria can be detected without immobilizing them 
or washing away unbound nanoparticles. As shown in 
Figure 5, the Brownian relaxations of unbound nanopar
ticles relax in ~50 JLS, which cannot be detected by the 
SQUID. Only the resulting magnetic decay of the nanopar
ticles bound to the relatively large bacteria rotated slowly 
and underwent Neel relaxation can be detected by SQUID. 
The sensitivity in this measurement was 1.1 x 105 bacterial 
in a 20 JLI sample volume. 

Comparing with a SQUID, a fluxgate is a simple instru
ment which does not require any cryogenic cooling or 
complicated magnetic shielding. Hence it has the potential 
to be applied in compact magnetic biodetection systems. 
A differential fluxgate system operating at room temper
ature to detect magnetic relaxation signal of IONPs was 
introduced by Heim et al. in recent years.62 Different 
from a SQUID which only detects magnetic flux changes, 
a fluxgate measures the absolute value of the magnetic 
field in the sensitive axis.63 In Ludwig's study, 100 nm 

Fig. 5. Principle of a SQUID-based homogeneous detector of bacte
ria. (A) Magnetic moments of IONPs are oriented by applied mag
netic field. (B) Brownian motion randomizes the magnetic moments 
of unbound IONPs after the removal of magnetic field. The bacterial
bound IONPs undergo Nee! relaxation, and the unbound IONPs undergo 
Brownian relaxation. The SQUID detects the slower Nee! relaxation 
for the bacterial-bound IONPs. Reprinted with permission from [ 61], 
H. Grossman, et al., Proc. Natl. Acad. Sci. 101 , 129 (2004). © 2013, 
National Academy of Sciences, U.S.A. 
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Fe30 4 superparamagnetic nanoparticles functionalized by 
streptavidin were applied for the conjugation with two 
types of biotinylated analytes. These biotinylated analytes 
were with significantly different sizes of "'5 ~-tm (biotiny
lated agarose beads) and "'6 nm (biotinylated albumin 
bovine serum, biotinylated BSA). The Fe30 4 nanoparti
cles bound to the 5 ~-tm biotinylated agarose beads were 
instantly immobilized, switching their relaxation behav
ior from Brownian to Nee!. For the detection of 6 nm 
biotinylated BSA, the formation of IONPs-BSA clusters 
of different sizes occurred during the cross! inking process, 
and the Brownian relaxation time of the cluster increased 
accordingly. When the clusters became large enough, the 
Brownian relaxation became so slow that the relaxation 
happened via the Nee! mechanism, thus the maximum 
relaxation time constant was reached. In Heim's work, for 
the detection of agarose beads, the use of I 0 ng IONPs led 
to a lower detection limit of 1.25 ~-tl and an upper detec
tion limit of 27.5 ,_,1. For the BSA analytes, the detected 
concentration range was about 14-71.3 ~-tmol/1. 

MR sensors are the main competitors to ftuxgate sen
sors and SQUIDs since MR sensors are simpler and 
cheaper.64•65 In addition, commercially available MR sen
sors are even smaller than ftuxgates and consume less 
energy.64 Recently, Bhuiya et al. successfully utilized 
MR sensors as a magnetorelaxometry detector for detect
ing magnetic biotargets.66 The Fe30 4 nanoparticles with 
hydrodynamic size of 110 nm were used as magnetic 
biolabels. For biodetection purpose, polymer beads with 
diameter of 3.3 ~-tm were used to fix the biological tar
gets. The Fe30 4 nanoparticles conjugated with biological 
targets bound onto the beads whereas the others remained 
free. The Brownian relaxation of the Fe30 4 nanoparticles 
bound onto the beads was dominated by the volume of the 
polymer beads, and the relaxation time became T 8 = I 0 s. 
The unbound Fe30 4 nanoparticles showed rapid relaxation 
with relaxation time TF = 0.5 ms. The magnetic relax
ation signal M 8 from the bound Fe30 4 nanoparticles could 
be measured by MR sensor at time T (TF « T « T8 ) 

after the excitation field was removed, while the signal MF 
from the free Fe30 4 markers became zero. As shown in 
Figure 6, a disk-shaped sample plate rotated by an ultra
sonic motor was used to ensure the signal M 8 from the 
bound Fe30 4 nanoparticles could be measured by the MR 
sensor (HMCI001, Honeywell, USA) at time T = 1.5 s. 
Then, the amount of the biological targets can be quan
titatively determined from the signal M 8 of bound Fe30 4 

markers. In this study, the minimum detectable number of 
Fe30 4 markers is 1.4 x I 07

• For the detection of biotins, the 
sensitivity of this method was 3.8 x 10- 16 mol/mi. Later, 
Bhuiya et al. used the similar detection scheme to perform 
the detection of biotin by using three detectors: a SQUID, 
an MR sensor, and a ftuxgate. 67 The sensitivities of 
SQUID, MR sensor, and ftuxgate were 5.6 x 10- 18 mol/1, 
2.8 X J0- 16 mo)/1 and 2.8 X J0- 16 mo)/1, respectively, 
in terms of the molecular-number concentration of biotins. 

J. Nanoelectron. Optoelectron. 8, 397-414, 2013 

Magnetism of Iron Oxide Nanoparticles and Magnetic Biodetection 

(3) Detection (2) Brownian relaxation 
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Fig. 6. Detection system based on magnetic relaxation measurement by 
using magnetoresistive (MR) sensor. Biotargets were prefixed on poly
mer beads, and iron oxide nanoparticles (IONPs) could be conjugated 
with biological targets, forming the final complex IONPs-bound polymer 
beads.66 

In Bhuiya's study, they noticed that the magnetic signal 
strength measured by the ftuxgate was significantly smaller 
than that measured by the MR sensor. They proposed that 
the main reason is the rapid decay of signal with distance. 
The distance between the sample and the MR sensor (or 
the SQUID) can be set as around 1.5 mm, while the dis
tance must be longer than 5 mm for the ftuxgate because 
of its thick enclosure. 

4.2. Biodetection Based on Magnetic 
Permeability/Susceptibility of IONPs 

The relative magnetic permeability (~-t,) of a material pro
vides a measure of the material's ability to respond to an 
externally applied magnetic field, and it does not change 
with the conjugation of a biotarget. Inductance-based mag
netic permeability detector is the main instrument used 
for the measurement of magnetic biolabels based on their 
permeability. A biosensor based on measurement of mag
netic permeability was developed by Kriz et al. in 1996. 18 

When a magnetic nanoparticle is placed inside a coil, 
the inductance of the coil changes due to the permeabil
ity of the particle. However, the permeability of mag
netic nanoparticle does not change whether it is bound 
with biotarget or not. Thus, a separation of biotarget
bound IONPs and unbound IONPs was needed before the 
final signal measurement. Recently, lbraimi et al. realized 
the detection of C-reactive protein (CRP) through a mag
netic permeability based immunoassay. utilizing the 70 nm 
dextran-coated superparamagnetic IONPs, silica micropar
ticles (15 to 40 ~-tm), and inductance-based magnetic per
meability detector.68 CRP is identified as a useful acute 
phase marker for diagnosis and monitoring of inflam
matory disease. As shown in Figure 7, the polyclonal 
anti-CRP coated IONPs and polyclonal anti-CRP coated 
silica microparticles formed a sandwich complex through 
the conjugation with CRP antigens. The complex subsided 
to the bottom of the vial, and its signal can be measured 
by the magnetic permeability detector. The output signal 
of the coil exhibits a linear relation with the relative mag
netic permeability 1-Lr of the magnetic sediments. In this 
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Fig. 7. An illustration of the principle of the one-step magnetic permeability based two-site immunoassay technology. The CRP antigen present in 
the whole blood sample forms a sandwich complex with the polyclonal anti-CRP magnetic nanoparticle (labeling agent) and the polyclonal anti -CRP 
silica microparticle (solid phase) present in the reagent vial. The sandwich complex starts to sediment to the bottom of the reagent vial due to the large 
density. After completed sediment formation the reaction signal of the sandwich complex sediment in the vial can be measured by placing the vial 
into the coil of the magnetic permeability detector. Reprinted with permission from [68), F. lbraimi, et al., J. Magn. Magn. Mater. 321, 1632 (2009). 
© 2013, Elsevier. 

study, the detection limit for the lowest CRP concentration 
was determined to be 1.7 mg/1. 

For magnetic fluids, the complex susceptibility is fre
quency dependent and it is related to the hydrodynamic 
sizes of the particles as discussed previously. Since the 
Brownian relaxation behavior of IONPs in solution is also 
dependent on their hydrodynamic sizes, the three kinds 
of detecting mechanisms based on magnetic relaxation are 
also applicable in the biodetection scheme with magnetic 
complex susceptibility. The main detectors used in the 
detection based on the complex susceptibility of IONPs are 
AC susceptometers, photodetectors (magneto-optical mea
surement), SQUIDs, and MR sensors. There are advan
tages and limitations for each of these detectors. 

Different from the biodetection based on the perme
ability of IONPs, the detection based on complex suscep
tibility does not need the separation of unbound IONPs 
from the biotarget-bound IONPs. In the magnetic detec
tion, only the frequency w at which x" ( w) reaches its 
maximum is measured experimentally. Generally speak
ing, for the IONPs dominated by Brownian relaxation, 
the frequency w of the maximum x" ( w) decreases as the 
hydrodynamic size of IONPs increases after the binding 
of biomolecules. The use of AC susceptometry for the 
detection of biomolecules using tagged magnetic nanopar
ticles was first proposed theoretically by Connolly and 
St Pierre.69 A platform for multiplex detection based on 
Brownian relaxation of IONPs using a compact AC sus
ceptometer was proposed by Park et al. in 2011.70 The 
proposed compact AC magnetic susceptometer consists of 
a high impedance AC current source, precise millimeter
sized differential sensing coils, and a lock-in amplifier. 
Streptavidin coated Fe30 4 nanoparticles (25 nm) were 
used in Park's study to detect the biotinylated horseradish 
peroxidase (HRP). Corresponding to the different hydrody
namic sizes of IONPs, the imaginary component of the AC 
susceptibility of IONPs has their own distinct frequency 
peak. Thus, an AC susceptometer enables the detection 
of multiple frequency peaks for a mixture of differently 
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sized IONPs simultaneously. As shown in Figure 8, the 
frequency peak of the AC magnetic imaginary susceptibil
ity of IONPs exhibits an expected shift upon avidin-biotin 
conjugation which induced the cluster formations with var
ious sizes. The sensitivity of the compact AC susceptome
ter is I mglml conce'ntration under a magnetic field as low 
as 10 JLT. 

Magneto-optical measurement is a relatively new and 
simple technology as compared to the traditional AC 
susceptometry, and has recently been proposed to mea
sure Brownian relaxation of magnetic nanoparticles to 
acquire AC magnetic susceptibility as a function of 
frequency.71 It can operate at room temperature and 
does not need expensive cryogenics. A one-step homo
geneous magnetic immunoassay for prostate specific anti
gen (PSA) in human blood plasma was demonstrated 
by Ranzoni et al. ·using magneto-optical measurement.72 

Monodlsperse Clusters 

Avidin coated IONPs Biotin • 
• • Avklln..Siotln C1 

• • • + +,t+ binding ::: : + .ttt+ ---+ 

••••• +++ • +:i:' 
C3 

(a) (b) 

Fig. 8. Schematic representation of imaginary part of AC magnetic 
susceptibility of (a) monodisperse avidin coated lONPs and (b) clus
ters of IONPs upon avidin-biotin interaction. Reprinted with permission 
from [70), K. Park, et al. , Nanot. 22, 085501 (2011). © 2011, lOP 
Publishing. 
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Fig. 9. Principle of the one-step homogeneous assay technology based 
on magnetic nanoparticles and magneto-optical measurement. The assay 
proceeds in three phases, controlled by the applied magnetic field (see 
panel (a)): capture, pulsation, and detection. During the detection phase, 
the clusters are magnetically rotated and thereby generate a modula
tion of optical scattering. The result is a curve of optical scattering 
signal as a function of frequency (see panel (b)). Reprinted with permis
sion from (72], A. Ranzoni, et al. , ACS Nano 6, 3134 (2012) . © 2013, 
American Chemical Society. 

Carboxyl-coated nanoparticles (500 nm Masterbeads) were 
used here to conjugate with PSA antibodies. As shown in 
Figure 9(a), the assay proceeds in three phases. Firstly, the 
PSA molecules were captured by antibody-functionalized 
nanoparticles. Secondly, a pulsating magnetic field concen
trated the nanoparticle in chains, and the nanoparticles dif
fused by Brownian motion (during tdiff ), which facilitated 
biomarker-induced inter-nanoparticle binding. During this 
stage, the nanoparticle concentrating and nanoparticle dif
fusing happen alternately. Finally, the clusters of nanopar
ticles caused by inter-particle binding were sensitively 
detected by optical scattering at the applied magnetic field 
rotation frequencies.73 The optical scattering signal was 
measured by a photodetector as a function of the field 
rotation frequency. The cluster number is reflected by the 
plateau signal, and the value of critical frequency (went) 
represents the size of clusters (Fig. 9(b)). The detection 
limit of this method for the detection of PSA in undiluted 
human blood plasma was 400-500 femtomol/1. 

Comparing to traditional AC susceptometry and 
magneto-optical measurement, a MR sensor is simpler and 
smaller to be used for the magnetic field detection with 
high sensitivity, and it can operate at room temperature.27 

The detection of biotin-conjugated polystyrene (6.7 J.Lm) 
with avidin-coated Fe30 4 nanoparticles (20 to 25 nm) 
based on the susceptibility measurement has been per
formed by Enpuku et al. using MR sensors.74 As shown 
in Figure 10, the sample was placed on a disk-shaped 
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Fig. 10. Experimental circuit for the measurement of AC susceptibil
ity of magnetic markers in solution using MR sensor. The sample was 
placed on a disk-shaped sample plate, rotated by an ultrasonic motor, 
and magnetized by an AC excitation field provided by the excitation coil. 
The signal field generated by the magnetic moment of nanoparticles was 
detected by a MR sensor, which was connected to the lock-in amplifier in 
order to obtain both the real and imaginary parts of the signal. Reprinted 
with permission from (74], K. Enpuku, et al. , J. Appl. Phys. 108, 034701 
(2010). © 2013, American Institute of Physics. 

sample plate, rotated by an ultrasonic motor, and mag
netized by an AC excitation magnetic field provided by 
an excitation coil. The signal field generated by the mag
netic moment of IONPs was detected by a MR sensor, 
which was connected to the lock-in amplifier in order to 
obtain both the real and imaginary parts of the signal. The 
sensitivity of this detection system using MR sensor was 
1.3 X IQ- 16 mol/ml in terms Of the molecular-number COn
centration of the markers. 

4.3. Biodetection Based on Stray 
Magnetic Field of IONPs 

Stray magnetic field is generated by the magnetization of 
IONPs, and detection of such field usually needs to be per
formed upon a solid-state sensor. In the magnetic biode
tection, the biomolecule-bound IONPs are immobilized on 
the sensor surface through the bio-conjugation in either 
complementary bioassay way or sandwich immunoassay 
way as discussed previously. The unbound IONPs need 
to be washed away, and only the magnetic stray field 
from the bound magnetic nanoparticles is detected by 
the magnetic field sensor. The detected signal reflects the 
presence of the target bioanalytes. The most commonly 
used detectors in recent years include giant magnetore
sistive (GMR) sensors, magnetic tunnel junction (MTJ) 
sensors, and giant magnetoimpedance (GMI) sensors. All 
these sensors possess the obvious advantages of low cost 
and high sensitivity comparing with many other magne
tometers, such as Hall effect magnetometers and SQUID 
magnetometers. 75• 76 

MR effect is the change of electrical resistance in mate
rial in response to an external magnetic field. The max
imum signal that can be obtained from the MR sensor 
is indicated by MR ratio. The MR ratio is traditionally 
defined in terms of maximum resistance and minimum 
resistance of the sensor, by MR% = ((Rmax- Rmin)/ Rmin) x 
100%. More detailed explanations about MR ratio can be 
found in the Ref. [77]. A GMR sensor is very sensitive to 
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Fig. 11. Schematic illustration of (a) the magnetic IONP-based 
immunoassay for mycotoxins. IONPs are bound onto the GMR sensor 
surface through the sandwich immunoassay of mycotoxins, and the detec
tion of stay magnetic field signal in real time. (b) Typical signal curve 
for the IONP binding: (I) signal baseline before the addition of IONPs; 
(2) binding kinetics upon the addition of IONPs; and (3) signal satura· 
tion achieved when the IONPs saturated the available binding sites on 
the GMR sensor.80 

the change of magnetic field , and is compatible with the 
standard CMOS fabrication technology. Thus, it has a great 
promise for low-cost and high-sensitive lab-on-chip biode
tection application. Since the first report of using GMR 
sensors to detect the stray magnetic field of magnetic par
ticles tagged to biotargets by Baselt et al. in 1998,78 it 
has become a much sought-after research topic in recent 
years, particularly with the advances in nanofabrication 
techniques. Recently, the multiplexing detection of cancer 
markers or mycotoxins has been realized through the inte
gration of the classic sandwich-based immunoassay with 
IONPs and GMR sensors.79· 80 Mak et al. carried out the 
detection of mycotoxins in 2010.80 They used a cluster 
of Fe20 3 superparamagnetic nanoparticles within a dex
tran matrix, with the overall diameter of around 50 nm. 
Figure 11 (a) shows the schematic illustration of the I GNP
based immunoassay for mycotoxins upon the GMR sensor 
surface, and Figure 11 (b) displays the detection of IONP 
stray magnetic field signal in real time. Before the addition 
of IONPs, there is a signal baseline in the GMR sensor. 
The signal increases as the IONPs bind onto the sensor 

----ttO ttO _ ......... 
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Fig. 13. Schematic illustration of the biodetection based on magne
toimpedance (MI) sensor. (a) MI of sensitive element is measured in the 
presence of a certain number of cells placed in a bath without nanoparti
cles. (b) Magnetic nanoparticles are mixed with cells and internalized by 
the cells while all free nanoparticles are removed. (c) MI of sensitive ele
ment is measured in the presence of cells containing nanoparticles inside. 
(d) Magnetic nanoparticles in a particular spatial configuration, the phys
ical equivalent of the biological testing represented in (c). Reprinted with 
permission from [88], A. Kumar, et al., Appl. Phys. Lett. 91 , 143902 
(2007). © 2013, American Institute of Physics. 

surface through the sandwich immunoassay of mycotox
ins. When the IONPs saturate the available binding sites on 
the GMR sensor, the signal reaches the maximum which 
represents the amount of the mycotoxins detected in the 
assay. The simultaneous detection of three mycotoxins 
(aflatoxin-B 1, zearalenone and HT-2) was demonstrated 
with a detection limit of 50 pg/ml. Apart from myco
toxins, multiplexing protein detection of cancer markers 
was also demonstrated by Oeterfeld et al. at subpicomolar 
concentration levels by utilizing the IONPs with size of 
around 50 nm.79 Furthermore, Gaster et al. demonstrated 
the quantification of protein interactions and solution trans
port by using a high-density GMR sensor arrays. 81 The 
IONPs used in their study were dextran-coated Fe20 3 clus
ters with entire size of 46 nm ± 13 nm. The kinetics of 
antibody-antigen binding can be quantified at sensitivities 
as low as 20 zeptomoles of solute. 

Comparing with GMR sensors, MTJ sensors offer even 
higher MR ratio and therefore, MTJ sensors are expected 
to have higher sensitivity at low magnetic field. However, 
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Fig. 12. The MR transfer curves measured before and after the binding of Fe30 4 nanoparticles, (a) from an MTJ array treated with DNA and (b) from 
a nearby array without DNA treatment, meant as a reference. (c) Measured resistance differences for the detection sensors bound with Fe30 4 and 
MACS"' nanoparticles through DNA hybridization, respectively, and for the reference sensor. Reprinted with permission from [82], W. Shen, et al., 
J. Appl. Phys. 103, 07A306 (2008). © 2013, American Institute of Physics. 
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Table III. Biodetection configuration and sensitivity based on the magnetism of IONPs. 

Magnetism of IONP (IONPs structure) IONPs (preparation) IONPs (size) Signal detector 

Magnetic Antibody-conjugated From Miltenyi 10 nm (core) SQUID 
relaxation dextran-coated y-F~03 Biotec, Auburn, 50 nm 
signal CA (hydrodynamic) 

Fe30 4 From Quantum 35 ±5 nm (core) SQUID 
Magnetics, 56 nm 
Madison, CT (hydrodynamic) 

Streptavidin functionalized From Chemicell 100 nm Differential 
Fe30 4 GmbH, Germany (hydrodynamic) fluxgate system 

Streptavidin functionalized From Chemicell 100 nm Differential 
Fe30 4 GmbH, Germany (hydrodynamic) fluxgate system 

Fe30 4 From Magcellect 20~25 nm (core) MR sensor 
particles, R&D 110 nm (HMCIOOI , 
Systems, USA (hydrodynamic) Honeywell, 

USA) 

Fe30 4 From R&D System, 112 nm Fluxgate 
Magcellect (hydrodynamic) (Hartington) 

Fe30 4 From R&D System, 112 nm Home-made 
Magcellect (hydrodynamic) high-Tc 

SQUID 

Fe30 4 From R&D System, 112 nm MR sensor 
Magcellect (hydrodynamic) (Honeywell) 

Magnetic Dextran coated IONPs Co-precipitation 70 nm Inductance-based 
permeability (hydrodynamic) magnetic 

permeability 
detector 

Magnetic Streptavidin coated Fe30 4 From Ocean 25 nm (core) A compact AC 
susceptibility Nanotech, USA susceptometer 

(Thermal 
decomposition) 

Avidin-coated Fe30 4 From MagCellect 20-25 nm (core) MR sensor 
particles, R&D 110 nm 
Systems, U.S.A. (hydrodynamic) 

Amino group functionalized From Micromod Par- 130 nm SQUID 
dextran-coated y-Fe20 3 tikeltechnologie, (hydrodynamic) 

Germany 

Carboxyl-coated IONPs From AdemTech 500 nm Photodetector 
(hydrodynamic) (magneto-

optical 
measurement) 
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they are still in a relatively infant phase of development. 
In 2008, Shen et al. reported the design of the first mag
netic biosensors based on MTJ sensor arrays with MgO 
barrier.82 They demonstrated the detection of 2.5 ILM tar
get DNA labeled with 16 nm Fe30 4 nanoparticles and 
50 nm commercial MACSTM IONPs using the MgO-based 
MTJ sensor arrays. Figure 12 shows the MR transfer curve 
of the MTJ sensor measured before and after the bind
ing of the IONPs through DNA hybridization. The mea
sured resistance differences represent the amounts of IONP 
binding onto the sensor surface, thus indicating the pres
ence of the target DNA elements (Fig. 12(c)). Based on 
the same principle, the quantitative real-time detection of 
DNA was realized by using 64-element MTJ bridge array 
and 16 nm Fe30 4 nanoparticles.83 The detection limit of 
complementary target DNA through this system was fur
ther improved to be better than I 00 nM. Recently, Lei 
et al. explored the detection of a cancer marker (alpha
fetoprotein antigen) with 20 nm carboxyl-group function
alized Fe30 4 nanoparticles and MgO-based MTJ sensors 
by a sandwich-assay configuration.84 It was found that the 
increase of resistance variation of the same MTJ sensor is 
in proportion to the logarithm of the detecting AFP anti
gen concentration. The lowest detectable concentration of 
AFP antigen is 0.002 mg/ml. 

GMI effect is the significant change of the impedance 
value of a magnetic conductor (wire, ribbon, thin lay
ers) passed by a high frequency current in response to 
an applied DC magnetic field is applied.85 Similar to MR 
sensors, GMI sensors also offer the features of low cost 
and high sensitivity. It was reported that GMI sensors 
can have higher sensitivity than traditional GMR sensors, 
although the development of GMI sensors is still in an 
early stage.86•

87 In 2007, the magnetoimpedance (MI) sen
sor was successfully used to conduct the detection of 
Fe30 4 nanoparticles (30 nm) uptake by human embry
onic kidney (HEK 293) cells. 88 An amorphous ribbon 
exhibiting large MI served as the sensor in this detection. 
An excitation magnetic field was applied to magnetize 
the Fe30 4 superparamagnetic nanoparticles for emanating 
the magnetic stray field signal. As shown in Figure 13, the 
effective magnetic field experienced by the sensor depends 
on whether the cells contain the IONPs. The magnetic 
stray field emanated from the IONPs alters the applied 
constant excitation field, and the alternating field can be 
detected through the impedance change of the sensor. 
The IONPs were embedded inside HEK 293 cells with a 
concentration of ~ 105 particles/cell. The presence of the 
IONPs after intracellular uptake was successfully detected 
by this MI biosensor. Recently, Chen et al. also realized 
a targeted detection of gastric cancer cells by combining 
the GMI-based biodetection system and chitosan coated 
Fe30 4 nanoparticles (20 nm).86 The IONP-targeted cells 
can be detected and identified by the difference in GMI 
ratio. More detailed explanation about the GMI ratio can 
be found in Ref. [86]. 
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Fig. 14. Distribution of the mean hydrodynamic size of IONPs for the 
three kinds of magnetic biodetection methods based on different mag
netism of IONPs. 

Table III displays a review of magnetic biodetection 
configurations and the IONPs used in recent literature. 
Both Fe30 4 and y-Fe20 3 were used as magnetic labels 
in these three kinds of magnetic biodetection, and they 
were mainly prepared through the co-precipitation method 
and thermal decomposition method. Many of the IONPs 
tags are nowadays commercially available. The distribu
tion of IONP hydrodynamic size for the magnetic biode
tections based on different magnetism of IONPs is shown 
in Figure 14. It can be found that the particle size plays an 
important role here. The hydrodynamic sizes of the IONPs 
used in biodetection based on magnetic relaxation and sus
ceptibility are generally larger than the ones used in the 
biodetection based on stray magnetic field. The particle 
size used for magnetic relaxation signal ranges from 50 
to 112 nm, and for magnetic susceptibility, it ranges from 
11 0 nm to 500 nm. However, for the magnetic stray field, 
the particle size ranges only between 16 nm to 50 nm. 
Different sizes of IONPs are used in these three kinds 
of magnetic biodetection schemes mainly due to the dif
ferent detection mechanism they utilize. In the detection 
based on magnetic relaxation or magnetic susceptibility, 
the unbound particles and bound particles are distinguished 
by their different Brownian relaxation time or different 
frequency w of maximum imaginary component of com
plex magnetic susceptibility. Both require the particles to 
be suitably sized on which Brownian relaxation is faster 
than Nee! relaxation. As discussed previously, there usu
ally exists a critical size above which the Brownian relax
ation mechanism becomes dominant (TN » T8 ), and the 
critical size of an ideal single-domain spherical IONP at 
room temperature is about 20 nm. 15 Thus, the IONPs with 
size of above 50 nm are commonly used in literature in 
order to ensure they are larger than the typical critical size. 
In the detection based on magnetic stray field, there is 
no such size restriction, and the superparamagnetic IONPs 
with comparable size as the biotargets are preferable for 
the biodetection with high-sensitivity. Thus the IONP size 
used for magnetic stray field in literature is mainly below 
50 nm. 
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5. CONCLUSION AND OUTLOOK 
In this review, we discuss the advantages of magnetic 
IONPs to be used as magnetic bio-label for biodetec
tion. IONP-based magnetic biodetection offers the merits 
of high sensitivity and low background interference, as 
compared to the traditional optical means. The magnetism 
of IONPs typically utilized in magnetic biodetection, 
including magnetic relaxation, magnetic permeability/ 
susceptibility, and stray magnetic field, are elaborated. 
Three major approaches to chemical synthesis of IONPs 
are outlined. In general, IONPs as magnetic bio-label 
are usually obtained through co-precipitation and thermal 
decomposition. The major advantage of co-precipitation is 
that this method can be easily applied in large-scale pro
duction of IONPs, and the IONP products can be directly 
dispersed in water. On the other hand, IONPs obtained 
through thermal decomposition provide significant advan
tages such as high-level uniformity and monocrystallinity, 
as compared to nanoparticles synthesized through co
precipitation and microemulsion. Furthermore, the recent 
progresses in the three different categories (magnetic 
relaxation, magnetic permeability/susceptibility, and stray 
magnetic field) of IONP-based magnetic biodetection 
schemes are discussed. Finally, various kinds of magnetic 
IONPs used as biolabels and their corresponding magnetic 
detectors are overviewed. Many of the IONPs tags and 
magnetic detectors are already commercially available and 
can be easily acquired from different companies. Their 
sources have been summarized for reference. 

The main trend for the magnetic biodetection config
uration is to achieve multiplexing sensing and miniatur
ization. Since the biomolecule-bound IONPs and unbound 
IONPs exhibit different relaxation time and different fre
quency w of maximum imaginary component of com
plex magnetic susceptibility, the biodetection mechanisms 
based on magnetic relaxation and magnetic susceptibility 
are especially suitable for multiplexing sensing. In these 
two biodetection mechanisms, no separation of the bound 
and unbound IONPs is needed, and the multiple biotar
gets can be detected simulatously by one detector. The 
traditional detectors including SQUIDs and AC suscep
tometers need complicated equipment and thus they are 
not favourable for miniaturization, while the fluxgates and 
MR sensors with much smaller size have been emerged 
as better options. However, there is a criteria needs to 
be fulfilled which is the magnetic tags must be suitably
sized IONPs on which Brownian relaxation is much faster 
than Neel relaxation. This is the reason that most of the 
IONPs used in literature have size larger than 50 nm. It is 
known that the size of IONP tags should be comparable 
with biological targets including proteins with sizes of few 
nanometers. The requirement on the particle size due to 
relaxation might limit these two detection configurations 
in the high-precision biodetection of very tiny biotargets, 
for example, with the size less than 50 nm. 
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On the other hand, there is no such size limitation on 
IONPs in the biodetection based on magnetic permeability 
and stray magnetic field. Superparamagnetic IONPs with 
high saturation magnetization are the best candidates in 
these two kinds of detection. However, the permeability 
and stray magnetic field of IONPs remain the same when 
they are bound or unbound with biomolecules. The sep
aration of bound and unbound IONPs is needed before 
the signal sensing. The detection for magnetic permeabil
ity of IONPs is mainly carried out by using inductance
based magnetic permeability detector. The IONPs need to 
be inserted into the coil which is difficult for multiplex
ing sensing because of the wash-away space limitation 
and particle separation procedures. While the detection of 
stray magnetic field occurs mainly upon the sensor sur
face, the wash-away procedure can be easily handled by 
using microchannel. The multiplexing sensing of different 
bioanalytes can be achieved by pre-immobilizing different 
capturing molecules on different working areas on a sen
sor array. Since the GMR, MTJ, and GMI sensors are all 
of low cost and with high sensitivity, they are promising 
candidates for the detection of small biomolecules with 
high precision based on magnetic stray field of IONP tags. 
Therefore, by utilizing appropriate combination of IONPs 
and magnetic sensors as biolabels and signal detectors, it 
can be foreseen that the IONP-based magnetic biodetec
tion will manifest its great potential as a multiplexing and 
miniaturizable testing platform for medical application. 
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