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a b s t r a c t

For the detection of small molecules, proteins or even cells in vitro, functionalised magnetic nanopar-
ticles and nuclear magnetic resonance measurements can be applied. In this work, magnetic nanopar-
ticles with the size of 5–7 nm were functionalised with antibodies to detect two model systems of
different sizes, the protein avidin and Saccharomyces cerevisiae as the model organism. The synthesised
magnetic nanoparticles showed a narrow size distribution, which was determined using transmission
electron microscopy and dynamic light scattering. The magnetic nanoparticles were functionalised with
the according antibodies via EDC/NHS chemistry. The binding of the antigen to magnetic nanoparticles
was detected through the change in the NMR T2 relaxation time at 0.5 T (E21.7 MHz). In case of a
specific binding the particles cluster and the T2 relaxation time of the sample changes. The detection
limit in buffer for FITC-avidin was determined to be 1.35 nM and 107 cells/ml for S. cerevisiae. For
fluorescent microscopy the avidin molecules were labelled with FITC and for the detection of S. cerevisiae
the magnetic nanoparticles were additionally functionalised with rhodamine. The binding of the
particles to S. cerevisiae and the resulting clustering was also seen by transmission electron microscopy.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles (MNPs) can be monodisperse, super-
paramagnetic, nanometer-sized particles and made of iron oxides.
The first commercial particles with biocompatible coatings, like
dextran, silica or carboxylates were contrast agents for magnetic
resonance imaging (MRI) [1–4]. MNPs, which are binding specifi-
cally to a target, can also be used for purification and separation
techniques as well as for magnetic transfection of cultured cells
[5–8]. These particles are larger than 10 nm or even in the
micrometer size range making it easier to trap themwith magnetic
fields due to their higher magnetic moments [9].

Combining the purification method and MRI, the nuclear magnetic
resonance (NMR) T2 relaxation time of the sample changes, if the
MNPs bind to a target and agglomerate. Roch et al. examined the
theory of the changes of the proton relaxation times in the presence of
MNPs in more detail [10]. By the use of theoretical models, they
showed a dependence of the NMR T2 relaxation time on the MNP size
[11,12]. For superparamagnetic nanoparticles this theory is called the
outer sphere relaxation theory [13–16]. Depending on the size of
MNPs they belong to different regimes, in which the NMR T2

relaxation time of the sample is influenced in different ways. Very
small particles (o20 nm) belong to the motional averaging regime,
where the NMR T2 relaxation time decreases as the size of the particle
core or the cluster increases A further size increase to the size range of
20 to 100 nm, makes the particles part of the slow motion regime.
Here, the NMR T2 relaxation time stays in the same range. Most of the
used contrast agents are in this size regime. For even larger sizes the
particles are part of the echo limited regime and the NMR T2
relaxation time is increasing with the size of the particles core or
the induced cluster. If MNPs cluster, the NMR T2 relaxation time
changes according to outer sphere relaxation theory. This change is
caused by the difference in the field inhomogeneities between the
colloidal state and the clustered state of the MNPs [17]. First applica-
tions of this effect were reported by Haun et al. who used the effect of
the change in the T2 relaxation time upon the clustering or dispersion
of MNPs to detect small molecules, DNA, proteins, bacteria, viruses and
cells [18]. Tumour tissue was also profiled with this technique for
certain tumour markers [19]. The same effect is used for the new
imaging modality of functional magnetic resonance imaging. Using
this imaging technique it is possible to investigate for instance
molecular pathways occurring in the brain upon learning [20].

So far, the detection of molecules and cells has been investigated
using different sizes of particles and different functional moieties or
ligands for the specific binding to the magnetic nanoparticles. We
investigated the use of very small MNPs (core diameter 5–7 nm) with
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an antibody functionalisation for the detection of two model systems
of different sizes. First, avidin was used as the reference protein
(67 kDa) and secondly Saccharomyces cerevisiae yeast cells as the
reference organism (2.5–5 mm).

2. Materials and methods

2.1. Materials

FeCl2 tetrahydrate, 37% hydrochloric acid, NaOH pellets,
Na2B4O7(H2O)10, dimethylsulfoxide (DMSO) and boric acid were
purchased (Merck Chemicals) and used without further purification.
45% FeCl3 hexahydrate solution was purchased from Riedel-deHaen
and 69% nitric acid from Applichem. Bovine serum albumin
(BSA) (BioZym), N-(3-dimethyl-aminopropyl)-N0-ethylcarbodiimide
hydrochloride (EDC), N-hydroxysuccinimide (NHS), tetraethoxysilane
(TEOS), (3-aminopropyl)-triethoxysilane (APTES) and Na2HPO4 were
purchased (Sigma-Aldrich) and used without further purification.
Antibodies were purchased from http://www.antibodies-online.de
and the host was in both cases rabbit (anti-avidin antibody:
ABIN116964; anti-S. cerevisiae antibody: ABIN260785).

2.2. Magnetic nanoparticle synthesis

For the synthesis of magnetic nanoparticles with a narrow size
distribution the protocol from Forge et al. was applied with minor
modifications as follows [21]. 45 mmol FeCl2 tetrahydrate were
dissolved in 37 mmol 45% FeCl3 hexahydrate solution. 300 ml of
diethylene glycol (DEG) were added under stirring with 150 rpm.
The solution was purged with nitrogen throughout the reaction
and was heated to 170 1C. Subsequently, 15 g of NaOH-pellets were
quickly added. The suspension turned black immediately and was
kept at 170 1C for 1 h. After returning to room temperature the
particles were magnetically separated for 2.5 h. The peptisation of
the particles was done by the method of Massart [22]. Briefly, the
obtained particles were redispersed in 1 M HNO3 using a magnetic
stirrer. This washing step was repeated four times. After the last
separation the particles were resuspended in H2Odd at room
temperature overnight. Subsequently, they were sonicated in a
water bath at room temperature for 45 min and afterwards
centrifuged at 16,700 rcf at 21 1C for 1 h. The supernatant contain-
ing the MNPs was carefully removed. The iron content of the
particle suspensions was determined using the Fe Spectroquant
Kit from Merck Chemicals.

2.3. Coating of magnetic nanoparticles

The first coating layer made of silica was applied by the
condensation of TEOS. Briefly, to 20 ml particle suspension 40 ml
H2Odd were added and the mixture was heated to 50 1C under
nitrogen flush and stirring. After equilibration, twice the amount
of TEOS compared to the iron content of the suspension was
dissolved in 10 ml 96% EtOH and added drop wise. The reaction
was carried out at 50 1C under nitrogen atmosphere for 24 h. After
homogenization in a sonication bath for 45 min the particles
coated with TEOS (MNP-TEOS) were washed with H2Odd using
an ultrafiltration device with a cut-off of 30 kDa (Amicon, 8200
cell, Millipore). The concentrated MNP-TEOS were centrifuged
at 4500 rcf at 21 1C for 45 min. The particles were aminated
by the second layer with APTES for the covalent coupling of
proteinaceous binding moieties. To 15 ml of MNP-TEOS 30 ml
H2Odd were added. To this suspension 1 ml of 1 M HNO3 and
APTES with 0.8 times the amount of the iron content of the
MNP-TEOS solution were added. The reaction was heated to 70 1C

under nitrogen flush and stirring and incubated at this tempera-
ture for 2 h. The obtained MNP-APTES were washed and purified
like MNP-TEOS.

2.4. Functionalisation of magnetic nanoparticles

Functionalisation with antibodies against FITC-avidin or
S. cerevisiae was carried out using the EDC/NHS activation of the
carboxy-groups on the surface of the antibody. To 300 μl anti-avidin
antibody (10 mg/ml) 33.61 μl of NHS (10 mg/ml) and 89.56 μl of
EDC (5 mg/ml) were added. NHS was dissolved in dimethylsulfoxide
(DMSO) and EDC in 50 mM sodium borate buffer (50 mM boric acid,
50 mM sodium tetraborate, pH 8.17) directly before starting the
reaction to prevent early hydrolysis. After incubation in a shaker at
room temperature for 10 min, 1565 μl of Fe MNP-APTES (229 mM)
were added. The volume of the reaction was increased to 5 ml
using a 50 mM sodium borate buffer, pH 8.17. The reaction was
performed on a rotating wheel at room temperature for 2 h.
Subsequently, ultrafiltration was performed with a 300 kDa cut-off
and blocking buffer (10 mM Na2HPO4, 1% BSA w/v, 0.01% NaN3 w/v,
pH 7.4) to remove un-reacted reagents and antibodies. The super-
natant was removed and stored at 4 1C until further use. Function-
alisation with an anti-S. cerevisiae antibody was performed in the
same way with an antibody concentration of 1 mg/ml. To generate
anti-S. cerevisiae rhodamine MNPs, 10 mmol NHS-rhodamine dis-
solved in 100 ml DMSO was added to 1 mmol antibody on the
particles and incubated in the dark at room temperature for 1 h. The
anti-S. cerevisiae rhodamine MNPs were washed via ultrafiltration
with blocking buffer until the red colour of the eluate disappeared.

2.5. Electron microscopy of MNPs

Transmission electron microscopy (TEM) of MNPs, coated and
functionalised MNPs was performed with a JEM100 CX at 100 kV.
5 μl of MNP suspensions with appropriate dilutions were applied
to a 300 mesh grid coated with carbon for the naked MNPs or to a
300 mesh grid coated with a holey carbon film (2 nm thickness)
for the coated MNPs and antibody MNPs. Subsequently, the
particles were air-dried at room temperature. Antibody-MNPs
were contrasted with 2% (w/v) uranyl acetate following standard
procedures.

2.6. Electron microscopy of yeast cells after incubation with MNPs

Yeast cells were incubated with or without nanoparticles for
24 h and thereafter fixed with 2% glutaraldehyde dissolved in PBS
for 2 days. After centrifugation the cell pellets were treated with
2% (w/v) osmium tetroxide, transferred to gelatin tubes, and Epon
embedded following standard procedures. Sections of 300 to
500 nm thickness were prepared with a Leitz ultramicrotome
and examined in a Philips 420 electron microscope operated at
80 kV.

2.7. Size characterisation

Size determination was done using TEM and dynamic light
scattering (DLS). The size distribution of the MNP cores was
determined from TEM images with the image-processing software
ImageJ with the feature Analyze Particles. The hydrodynamic
diameter of the particles at all stages of synthesis with a concen-
tration of 10 mM Fe was determined with the Zetasizer Nanoseries
NanoZS from Malvern Instruments.
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2.8. NMR T2 relaxation time measurements

NMR measurements were performed at room temperature and
0.5 T (E21.7 MHz) using the Research Lab device from Pure
Devices. Each NMR T2 relaxation time was determined using the
Carr–Purcell–Meiboom–Gill (CPMG) pulse sequence with an echo
time of 3 ms. Measurements for anti-avidin MNPs were conducted
with different concentrations of avidin and streptavidin as nega-
tive control after an incubation of 15 min. For anti-S. cerevisiae
MNPs the measurements were conducted with different concen-
trations of S. cerevisiae cells. The iron content was kept at 0.22 mM
Fe and all measurements were done in phosphate buffered saline
(PBS), pH 7.4, in triplets.

3. Results

3.1. Dynamic light scattering and transmission electron microscopy

The mean diameter of the particle core obtained by TEM image
analysis was 5.871.7 nm determination by DLS gave 9.771.1 nm
in number distribution (Fig. 1). The increase of the particle
diameter with every coating was documented by DLS. For the
MNP-TEOS the mean diameter in number distribution increased to
11.874.1 nm and for the MNP-APTES to 13.773.6 nm (Fig. 1). The
functionalisation with antibodies leads to a final diameter in
number distribution of 30.14713.08 nm. The poly-dispersity
index (PdI) as reference for the monodispersity of the samples
was in all cases between 0.24 and 0.26. The applied coating and
the functionalisation with antibodies can be seen clearly in the
TEM images (Fig. 1).

3.2. Relaxation time measurements

As can be seen in Fig. 2a and Fig. 3a, the clustering of the
particles changed their NMR T2 relaxation time. For FITC-avidin
this change was more than 40% of the initial value of the NMR T2
relaxation time. The lowest concentration of FITC-avidin, which
was detectable with a change of more than 25% of the T2
relaxation time, was 1.35 nM (Fig. 2a). The clustering of the MNPs
due to the binding of FITC-avidin was confirmed with fluorescent
microscopy (Fig. 2b). The negative control was performed with

streptavidin. The antibodies used are specific for avidin, which was
confirmed by Western blot (data not shown). Streptavidin was
used in the same concentrations as avidin. However, the change of

Fig. 1. Size determination with DLS measurements with a number distribution for the MNPs and the according TEM images. The core of the MNPs had a diameter of
5.871.7 nm in TEM analysis and 9.771.1 nm in DLS. MNP-TEOS were 11.874.1 nm and MNP- APTES 13.773.6 nm in hydrodynamic diameter. The antibody-MNPs had a
hydrodynamic diameter of 30.14713.08 nm. As an example the TEM image of anti-avidin MNPs is presented. Arrows indicate MNPs.

Fig. 2. Changes of the NMR T2 relaxation time due to the binding of anti-avidin
MNPs to different concentrations of FITC-avidin and streptavidin as control (a). The
clustering of the anti-avidin MNPs leads to an increase in the NMR T2 relaxation
time, which was also seen in fluorescent microscopic images for FITC-avidin (b).
The detection limit for FITC-avidin in PBS was 1.35 nM.

Fig. 3. Changes of the NMR T2 relaxation time due to the binding of
anti-S. cerevisiae MNPs to S. cerevisiae in different concentrations (a). The detection
limit for S. cerevisiae in PBS was 107 cells/ml. The binding of the particles to
S. cerevisiae and the resulting clustering was seen in TEM images (b) and by
fluorescent microscopy after the particles were additionally functionalised with
rhodamine (c).
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the T2 relaxation time first increases to around 20% of the initial
value to decrease again (Fig. 2a). In contrast to the measurements
with avidin, the change in the T2 relaxation time did not increase
further or stayed at the same level once it was increased like it
would be expected for a dose-response curve. There was also no
clustering of the MNPs seen under the microscope. For the
detection of S. cerevisiae the change in the T2 relaxation time
increases to over 25% and stayed in this range (Fig. 3a). This
change in T2 relaxation time corresponds to a concentration of
S. cerevisiae of 107 cells/ml. The clustering of the MNPs was seen
with TEM (Fig. 3b) and via fluorescent microscopy (Fig. 3c)
confirming the binding of the MNPs to the S. cerevisiae.

4. Discussion

In TEM image analysis, the diameter of each single particle is
measured and morphological information is provided at the same
time. Using DLS measurements the hydrodynamic diameter can be
obtained very quickly in a few minutes. The measurements are
done in the liquid environment of the samples and represent large
ensembles of the particles and not just a few. However, the size for
the particle core obtained by DLS measurements is larger com-
pared to the size obtained by TEM image analysis. Since the naked
particles are strongly charged due to the peptisation treatment,
they are surrounded by a hydratation layer, which is bound very
tightly. Furthermore, in DLS measurements larger particles are
always more prominent in their detection than smaller particles,
shifting the obtained diameter to larger values [23]. To determine
the differences in diameters of mono-disperse suspensions, DLS
measurements can be considered reliable. The particles are coated
with a thin layer of approximately 2 nm thickness and their
diameter is increased by 16.5 nm due to the antibody functiona-
lisation with the antibodies being approximately 7 nm long [24].
When applying NMR T2 relaxation time measurements, a thin
coating is preferable for the measurement of the outer sphere
relaxation of the protons. If the coating were too thick, the steric
hindrance of the water protons would be too large for them to
come close enough to the induced magnetic field of the particles.
Therefore they would not be influenced in their relaxation. Thus, a
thin coating improves the signal change in the NMR T2 relaxation
time detection measurements.

The detection in complex matrices like serum, plasma or blood
samples involve many unpredictable influences, which need to be
considered. We therefore, chose simple aqueous matrices like
buffer solutions for the detection of small molecules, proteins
and cells in vitro.

The detection of avidin with anti-avidin MNPs was successful
already at a concentration as low as 1.35 nM. This is half the
concentration of avidin, which was detected so far by using biotin as
the binding ligand. In this case, avidin has been detected using MNPs
with a core diameter of 7 nm and a functionalisation with biotin
leading to hydrodynamic diameter of 38 nm at a magnetic flux density
of 0.47 T [25]. At a concentration of 0.2 mM Fe, 5.83 nM avidin was
detected, which is twice the concentration we detected with our
antibody functionalised particles. The better performance of the
synthesised MNPs could be due to their smaller coating layer leading
to a better influence of the outer sphere relaxation of the water
protons. It has to be mentioned that due to different measurements
set-ups in the former measurements the volume was 2 μl, whereas in
our case it was 200 μl.

In contrast, the detection limit of 107 cells/ml is still high. For
larger targets the particles still need to be modified to reach a
better detection limit. In the literature Staphylococcus aureus has
been detected using the same method at a concentration as low as
5�103 bacteria/ml [25]. The used MNP were functionalised with

vancomycin and had a core diameter of 7 nm and a hydrodynamic
diameter with coatings of 38 nm. This detection limit is five
magnitudes, i.e. 105 fold lower compared to the obtained detection
limit for S. cerevisiae. There are several possible reasons for this.
One reason is the different size of the target organism. The yeast
cells are between 2.5 and 5 μm in diameter, whereas the bacteria
are about 1 μm in size. However, using the same system, mouse
macrophages of 10 mm were detected at a concentration of
100 cells/ml [26]. Another reason could be a low binding perfor-
mance of the antibody. This can cause some MNP to be in-effective
in binding and will lead to a reduced target to MNP ratio, since
more anti-S. cerevisiae MNPs have to be used for the detection.
Furthermore, the size of the MNP could be improved. Koh et al.
showed that targets of large sizes with many valencies for the
binding of a possible immobilized ligand show better detec-
tion thresholds, if they are detected with MNPs of μm size
range [27]. They compared MNPs with a diameter of 70 nm and
MNPs with a diameter of 1 μm for their detection performance of
targets of different sizes (8 nm and 900 nm) additionally differing
in their valencies. However, a direct comparison of their results
with the yeast target of 2.5 μm size and a MNP with a hydro-
dynamic diameter of 30 nm, as used in our study, is difficult.
Nevertheless, they concluded that their largest target of 900 nm
diameter was detected at a better threshold using the larger
particles of 1 μm in diameter. By using a 10 times larger
MNP they decreased their detection limit of the large targets
by a factor of 106. Following these calculations a decrease of
the detection limit to 102 cells/ml would result if a bigger core
and therefore a bigger hydrodynamic radius and a greater mag-
netic moment would be used for the detection of S. cerevisiae yeast
cells. Furthermore, by using an antibody with a higher binding
affinity, MNP binding should be more effective and the probability
of fully functional anti-S. cerevisiae MNPs would be higher. The
larger particles would also lead to a larger surface with a higher
density of antibodies per MNP. Therefore, it appears reasonable to
predict that a higher affinity of the antibody to its target could lead
to a detection limit as low as 1 cell/ml. This would be preferable
for the future applications in, for example, quality control
or pharmaceuticals. More detailed studies for this problem are
under way.

5. Conclusion

MNPs need a thin coating to be colloidally stable and thus to be
appropriate for NMR T2 relaxation time measurements. The
applied coating was of 1.96 nm thickness as determined by DLS
measurements leading to a final hydrodynamic diameter of
13.6573.64 nm. The further functionalisation of APTES coated
MNPs was conducted by carbodiimide chemical cross-linking. The
used antibodies were applied as a monolayer around the particles,
which was determined by the hydrodynamic radius increase of
8.25 nm. The functionalisation method is fast, reliable and can be
performed without using harmful chemicals. The first system to
test the preparation protocol of the MNPs and the detection
method was the avidin system. FITC-avidin was detected at a
concentration of 1.35 nM in PBS. This detection level was twofold
higher than the detection levels for avidin reported so far [25]. The
second systemwas the application of the method for the detection
of S. cerevisiae. Here a detection limit of 107 cells/ml in PBS was
achieved using anti-S. cerevisiae MNPs. The successful binding of
the MNPs to S. cerevisiae was verified by fluorescence and
transmission electron microscopy. The detection limit is too high
for an in vitro application and needs improvement. This may be
achieved by preparing particles with a larger core size and there-
fore a larger magnetic moment leading for this particular target to
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a better sensitivity in the NMR T2 relaxation time measurements.
Further experiments will include NMR relaxation measurements
with MNPs of a larger core size and their functionalisation with an
antibody of higher affinity.
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