
Innovative Nanoprobes for Multiparametric Magnetic Immunoassays:  
Elaboration and Characterization  

C. de Beaucorps*, E. Alphandéry**, F. Benyettou*, A. Brioude***, D. Bonnin****, P. Weinmann*****,  
L. Motte*, Y. Lalatonne*, ***** 

 
*   Laboratoire CSPBAT FRE 3043 CNRS, Université Paris 13, 74 Rue Marcel Cachin 93017 Bobigny,      

France, Tel: (+) 01.48.38.76.25. E-mail: yoann.lalatonne@avc.aphp.fr 
**    Institut de minéralogie et de physique de la matière condensée, Université Paris 6, UMR 7590 CNRS, 

Paris, France 
***    Laboratoire des Multimatériaux et Interfaces, Université de Lyon 1, UMR 5615 CNRS, Lyon, France 
****  Laboratoire de Physique Quantique, ESPCI ParisTech, Paris, France 
*****Service de Médecine Nucléaire, Hôpital Avicenne, Bobigny, France 

 
 

ABSTRACT 
 
A magnetic sensor, called MIAplex®, has been 

developed by the company Magnisense. This instrument 
measures a signal, which is proportional to the second 
derivative of a magnetization curve. We show that this 
sensor is able to discriminate between the signature of small 
superparamagnetic nanoparticles produced chemically and 
that of larger ferromagnetic nanoparticles produced by 
magnetotactic bacteria. The reason why this distinction is 
possible comes from the different magnetization curves of 
these two types of nanoparticles. These results pave the 
way for the simultaneous detection of different types of 
biological molecules or living organisms. 
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INTRODUCTION 
 

Although an enormous effort has been spent to develop 
new detection devices such as giant magneto-resistant 
(GMR) [1], spin valve [2], magnetoelastic sensors [3] or 
various types of magnetic sensors [4-8], a detector, which is 
able to detect simultaneously several different types of 
biological entities with a high sensitivity and a low cost is 
still lacking. In this short communication, we study a 
magnetic bio-sensor, called MIAplex® (Magnetic Immuno 
Assays multiplex), which has been patented [9] and 
developed by the company Magnisense [4-5, 9]. This 
sensor measures a signal which is proportional to the 
second derivative of the magnetization curve. With this 
technique, a difference between the magnetization curves of 
different nanoparticles can be detected. Since the latter 
usually arises from a change in the nanoparticle sizes or 
interactions, one can imagine detecting simultaneously 

different types of biological entities by attaching them to 
nanoparticles, which are either prone to mutual interactions 
or possess different sizes. Such nanoparticles can either be 
chemically synthesized and functionalised [10] or produced 
biologically by magnetotactic bacteria [11, 12]. The 
biologically synthesized nanoparticles, called 
magnetosomes, possess several interesting features. Their 
large sizes result in a ferromagnetic behaviour at room 
temperature and strong dipolar interactions. The presence of 
a phospholipic membrane can be used to conjugate 
biological entities [12, 13]. Finally, their arrangement in 
chains of nanoparticles with aligned [111] crystallographic 
directions [14] yields specific magnetic properties. The 
influence of the nanoparticle interactions on the MIAplex® 
signal is assessed by studying several different types of 
samples containing either weakly interacting chains of 
magnetosomes, which are not aggregating, more strongly 
interacting extracted single magnetosomes, and chemically 
synthesized nanoparticles. 

 

RESULTS and DISCUSSIONS 
 

Chemically maghemite nanoparticles (γFe2O3 NPs) 
were prepared as described previously [10] by soft 
chemistry. Slight changes in the chemical synthesis 
procedure (increasing iron concentration) induce the 
formation of nanoparticles with 10 nm (Fig 1 A), 20nm (Fig 
1 C) and 40 nm (Fig 1 E) average size. γFe2O3 NPs are 
coated with BPCOOH molecules, wich are carboxylic 
terminated hydroxymethylbisphosphonates (HMBP-(CH2)2-
COOH).  

Magnetization curves (Figure 2 A) of the as synthesized 
nanocrystals are characteristic of superparamagnetic 
behaviour, with an increase in saturation magnetization 
when the crystal size increases. Such behaviour has already 
been reported [15]. This effect was attributed to surface 
spins which are canted and cannot align in the external 
magnetic field and decreases as the average nanocrystal size 
is increased. A decrease of the magnetization can also be 
due to the fact that there is maghemite and magnetite in the 
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particle, as reported by Simeonidis et al.[16]. Moreover, in 
the case of 40 nm NPs, saturation magnetization is on the 
same order of magnitude than the bulk values [17] of 
maghemite (80 emu.g-1) and less important that magnetite 
(91 emug-1). The Mössbauer spectrum of the 40 nm NPs 
(Figure 2 B) is clearly a mixture of maghemite and 
magnetite spectra for which the broadening of the magnetic 
lines is small indicating a slow relaxation of the spins. The 
corresponding MIAplex® measurements (Fig 1B and D) 
show different magnetic signature depending on the size of 
the particles, with an increase of the hysteresis loop with 
size. Such change is correlated to the dipolar interactions 
between nanocrystals. 
 

 
Figure 1: TEM images (A, C, E) and MIAplex 

signatures (B, D, F) of 10 nm (A,B), 20 nm (C,D) and 40 
nm (E,F) γFe2O3 NPs in solution. 
 

Details about biologically synthesized nanoparticles 
magnetosomes including their growth curve can be found 
elsewhere [18]. We study two types of magnetosome 
arrangements, the chains of magnetosomes and the 
individual magnetosomes, which are both extracted from 
the whole bacteria. TEM images of each of these two types 
of magnetosome arrangements are shown in Figures 3A and 
3B. The individual magnetosome average size is 50 nm. 
The chains of magnetosomes form weakly interacting 
assemblies (Fig. 3A) whereas individual magnetosomes 
form more compact assemblies of more strongly interacting 
magnetosomes (Fig. 3B). 

 

 
Figure 2.: A: Magnetization curves (SQUID) of 10nm 

(red), 20 nm (blue) and 40 nm (green) γFe2O3 NPs. B: 
Mössbauer spectra for 40 nm NPs.  The blue and green 
lines are respectively corresponding to the magnetite and 
maghemite calculated spectra in magnetic state with slow 
relaxation process. Their sum is displayed on the red curve. 

 
 
The magnetization curves of both samples are shown in 

Figure 3C. As shown in this Figure, the magnetization 
curve of the chains of magnetosomes (red curve) saturates 
more rapidly than that of the single magnetosomes (black 
curve). Despite this feature, the magnetization curves of 
these two samples are too similar to produce a pronounced 
difference between their calculated second derivatives.  

 
 

 

A 

B 
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Figure 4: TEM micrographs of the extracted chains of 

magnetosomes (A) and single magnetosomes (B) deposited 
on top of a TEM grid. C: Magnetization curves (VSM) of 
the extracted chains of magnetosomes (red) and extracted 
individual magnetosomes (black).  D: MIAplex® signal of 
the extracted chains of magnetosomes (red) and extracted 
individual magnetosomes (black). 

 
We examine whether the MIAplex® instrument enables 

a more sensitive detection of the nanoparticle interactions. 
For that, we compare the MIAplex® signal of 50 μL of a 
solution containing chains of magnetosomes with that of 50 
μL of a solution containing individual magnetosomes. 
MIAplex® signatures of these two solutions shown in 
Figure 3 D are different: for the single magnetosomes, 
which are more strongly interacting than the chains of 
magnetosomes, the MIAplex® signal (black line) is wider 
than that of the chains of magnetosomes (red line). From 
these results, we can conclude that the MIAplex® 
instrument provides a more sensitive technique to detect the 
interactions between nanoparticles than the measurement of 
a magnetization curve. 

 
In order to confirm the influence of the nanoparticle 

interactions on the MIAplex® signal, we study a mixture of 
individual magnetosomes (50nm) and chemically 
synthesized nanoparticles -γFe2O3 NPs- (10nm) in various 
proportions. The first solution contains 50 % of individual 
magnetosomes and 50 % of γFe2O3 NPs. In this case, 
Figure 4 A shows that the MIAplex® signal of the mixed 
solution (black curve) is similar to the average MIAplex® 
signal, which is the sum of the MIAplex® signals of the 
chemically synthesized nanoparticles and individual 
magnetosomes divided by 2 (red curve). The amount of 
magnetosomes is not sufficiently large to modify the 
interactions in the mixed solution. Therefore, we use a 
solution, which contains a higher percentage of 
magnetosomes (80 %) and a lower percentage of γFe2O3 
NPs (20 %) in order to favor the presence of interactions in 
the solution. The MIAplex® signal of the mixture of the two 

solutions is shown in Figure 4 B (black line). It is different 
from the MIAplex® signal, which is estimated by adding 20 
% of the signal of the chemically synthesized nanoparticles 
and 80 % of the signal of the extracted magnetosomes (red 
line). We hypothesize that in the presence of the small 
nanoparticles, the magnetosomes are less interacting with 
each other. This could be due to the insertion of the small 
nanoparticles between the magnetosomes. The decrease of 
the interactions between the magnetosomes in the mixed 
solution would cause the MIAplex® signal to narrow as 
observed by comparing the two plots (dark line and red 
line).  

 
Figure 5: (A): MIAplex® signal of a solution containing 

50 % of individual magnetosomes and 50 % of γFe2O3 NPs 
(black line) and average signal, which is the sum of the 
MIAplex® signals of the extracted individual 
magnetosomes and γFe2O3 NPs divided by 2 (red line). (B): 
Same as in (A) for a solution containing 80 % of individual 
magnetosomes and 20 % of γFe2O3 NPs. 

 
 

CONCLUSION 
 

We have shown that with  chemically synthesized 
γFe2O3 NPs with different sizes and biosynthesized large 
magnetosomes, we produce a MIAplex® signals collection. 
In addition, we have shown the influence of the 
nanoparticle interactions on the MIAplex® signal. We have 
established that an increase in the interactions between the 
magnetosomes results in the widening of the MIAplex® 
signal. Hence, we can hypothesize that the presence of 
biological molecules, such as antibodies or viruses, bound 
at the surface of the nanocrystals will also modify the 
interactions and hence their MIAplex® signatures. These 
experiments are in progress and should allow for the 
detection of two or several different biological molecules. 
To conclude, this communication introduces a new 
technology, which can be used for multiparametric 
detection. 
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