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In this work, we report on the effect of the magnetic nanoparticle (MNP) concentration on the quanti-
tative detection of proteins in solution with a rotating magnetic field (RMF) based homogeneous
bioassay. Here, the phase lag between 30 nm iron oxide single-core particles and the RMF is analyzed
with a fluxgate-based measurement system. As a test analyte anti-human IgG is applied which binds to
the protein G functionalized MNP shell and causes a change of the phase lag. The measured phase lag
changes for a fixed MNP and a varying analyte concentration are modeled with logistic functions. A
change of the MNP concentration results in a nonlinear shift of the logistic function with the analyte
concentration. This effect results from the law of mass action. Furthermore, the bioassay results are used
to determine the association constant of the binding reaction.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Magnetic nanoparticles (MNP) are well suited as magnetic
markers for the realization of bioassay applications. The capability
to functionalize the particle surfaces with various biorecognition
elements and manipulate them with magnetic fields as well as to
measure their magnetic response enables the direct transduction
of an analyte binding to an electrical signal. Especially, the so-
called homogeneous bioassays or biosensors are promising con-
cepts regarding the increasing need for point-of-care diagnostics
[1] because no washing steps are necessary as e.g. for enzyme-
linked immunosorbent assays (ELISA) [2]. In contrast to lateral
flow techniques [3], these assays offer the possibility to monitor a
binding reaction directly in solution. The magnetic excitation of
the MNPs in a homogeneous bioassay can be realized with various
types of magnetic fields, for instance switched magnetic fields in
magnetorelaxometry [4,5] or alternating magnetic fields featuring
one or more frequencies [6-9]. In this work, a homogeneous
bioassay concept based on rotating magnetic fields (RMF) first
presented by Schrittwieser et al. [10] is applied. Compared to an
alternating field, the RMF excitation results for Langevin para-
meters larger than one in a higher measurement effect [11,12],
which is the change of the phase lag ¢ between the rotating
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magnetic field and the particle magnetic moments caused by
analytes bound to the particle surfaces. For the detection of the
single-core magnetic markers, a magnetic detection system is
utilized which does not rely on a distinct particle shape [13] or
interactions between the particles [14]. Whereas the quantitative
detection of a test analyte was practically demonstrated and ex-
plained by theory [15], the influence of the particle concentration
on the bioassay results was not investigated. Thus, measurement
results reflecting the impact of the particle concentration on the
phase lag change and the corresponding amount of bound analyte
are presented and explained by the law of mass action. Further-
more, the association constant K, of the binding reaction is de-
termined and shows a good agreement with literature values.

2. Materials and methods

For this bioassay concept, MNPs dominated by the Brownian
relaxation process are required. Thus, single-core iron oxide par-
ticles with a core diameter d. of 30 nm (IPG30) from Ocean Na-
noTech (Springdale, AR, USA) are used as magnetic markers and
the HRP goat anti-Human IgG from ImmunoChemistry Technolo-
gies (Bloomington, MN, USA) as a test analyte. Three sample series,
each with a fixed MNP concentration of 566 pM, 2.26 nM and
9.06 nM and an increasing IgG concentration, are prepared with a
total volume of 150 L in glass vials. The samples are incubated for
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1 h at room temperature to ensure that the binding reaction has
reached its equilibrium. For each nanoparticle concentration, one
reference sample without IgG exists. In order to investigate the
rotational dynamics of magnetic nanoparticles independently of
the particle shape and the transparency of the media, a fluxgate-
based detection system has been developed [15,16]. This system
enables the measurement of the phase lag of the applied MNP
down to a particle concentration ¢c(MNP) of 340 pM or an iron
concentration c(Fe) of 10 pg/ml. The frequency range of the mea-
surements is from 22 Hz to 5 kHz with a field amplitude of 1 mT.

3. Theory
3.1. Analyte determination in RMF bioassays

The phase lag of a magnetic nanoparticle ensemble in a rotating
magnetic field is expressed by the relation of the imaginary M” to
the real part M’ of its resulting magnetization M via an arctan

function:
Mu)
M (1)

In order to simulate the resulting magnetization, an empirical
model derived from a numerical solution of the Fokker-Planck
equation [17] is applied as well as a lognormal size distribution for
the particle hydrodynamic diameter d, and the particle magnetic
moment m with standard deviations ¢, and o;,.

The increase of the hydrodynamic diameter Ady caused by
analytes bound to the particle surface is determined by fitting the
empirical model to the measured phase lag change curves as a
function of the RMF frequency and strength A (feye, Hrmr ). Here,
as a first approximation a direct proportionality was found [15].
Then, the change of the hydrodynamic volume AV}, is calculated
according to

@ = arctan (

AVp = %(Adh)3 (2)

and the amount of bound analyte A per MNP is identified via

Q4
NA,bound AVy ma (3)
assuming a constant protein density g, of 1.35 g/cm? [18] and an
average molecular mass my4 of 270 kDa for the applied test analyte
(ImmunoChemistry Technologies). Finally, the absolute concentra-
tion of the bound analyte in the solution can be determined via the
absolute particle concentration ¢c(MNP)
o) 3
¢| Apound | = c(MNP)AV; ——.
ma (4)

The direct proportionality between the mass and the volume of
different proteins in solution was verified by the measurement of
the diffusion coefficient by Krouglova et al. [19] and successfully
applied by Rocker et al. [20] to describe the relation between the
number of proteins adsorbed to a nanoparticle surface and the
particle's resulting hydrodynamic growth.

3.2. Law of mass action

A reversible binding reaction between two reactants A and G
that form the product AG

A+G=AG (5)

can be described at its equilibrium via the law of mass action [21]

c(AG)

Ko=) coy )

K, represents the association constant, which describes the
strength of the affinity in a binding reaction. The reactant con-
centrations c(A) and c(G) are related to the initially applied con-
centrations ¢y according to

c(A) = co(A) - c(AG) (7)

¢(G) = co(G) - c(AG) (8)

If the concentration of the products c(AG) can be measured and
the initial concentrations are known, K, can be determined by
fitting the measurement results with the following formula de-
rived from Egs. (6) to (8) [2]:

(CQ(G) + co(A) + l/Ka)
~ [(co(G) + co(A) + 1/Ka P ~ 4 co(G)co(A)]
2 9)

Here, it can be seen that the concentration of the products does
not scale linearly with the initial concentrations of the reactants.
In fact, below the concentration range of the inverse association
constant the concentration relation of the products to the initial
reactants starts to shrink significantly. Assuming that each MNP is
covered with an effective number of biorecognition elements N,
in our case protein G, the initial concentration of the reactant G
can be replaced by

€0(G) = Neoy ¢(MNP). (10)

c(AG) =

With ¢g(A) as the initial analyte concentration and
C(AG) = c(Apound) as the concentration of analyte bound to the
particles Eq. (9) can be applied to the results of the nanoparticle
based bioassay.

4. Results and discussion

Fig. 1 shows the phase lag change curves of two samples with a
fixed MNP concentration of 2.26 nM and different analyte con-
centrations of 11.3 nM and 226 nM. Here, the phase lag change A¢
denotes the difference in phase lag between a sample with analyte
and a reference sample without analyte. Each curve possess a wide
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Fig. 1. Measured (symbols) and simulated (lines) Ag as a function of fgyr for two
samples with ¢(MNP)=226nM and co(A)=113nM (circles) as well as
co(A) = 226 nM (squares). The simulation parameters are mgam =4.4aAm? (0.3),
dn113nm(on) = 62.5 nm (0.26), dn,226nm (oh ) = 69.5 nm (0.27), temperature
T=298.5K and viscosity » = 0.88 mPas. The error bars represent the standard
deviation of five measurements.
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Fig. 2. Measured Agpeqi (symbols) as a function of co(A) for MNP concentrations of
9.06 nM, 2.26 nM and 566 pM. Lines represent fit with logistic function (11).

spread maximum that lies in the frequency range between 2.5 kHz
and 5 kHz for 1 mT. The peak value Ag,, grows for each sample
series with increasing analyte concentration. Thus, the bioassay
can be calibrated by measuring Ag . as a function of the analyte
concentration for a known sample series and fit the measurement
results with a logistic function [15]. This was performed for the
three sample series with different particle concentrations and is
displayed in Fig. 2. The fit parameters of the logistic function

B
1+ [CO(A)]H

Co,half (11)
are presented in Table 1. B displays the maximum value of Ag g
and corresponds to the maximum number of bound analytes. The
parameter cg pa describes the analyte concentration which causes
Agpeqk = B2 and a denotes the slope of the curvature.

The curves in Fig. 2 are shifted to lower analyte concentrations
with decreasing particle concentration. However, this shift is
nonlinear, which is significantly expressed by the fit parameter
Co,naf- When the particle concentration is decreased by a factor of
4 from 9.06 nM to 2.26 nM, the parameter cg nqy is only reduced by
a factor of 2.6. A further decrease of the particle concentrations by
a factor of 4 from 2.26 nM to 566 pM leads to an again smaller
reduction of cones by a factor of 1.25. This implies that with a
decreasing MNP concentration, a higher concentration of initial
analytes per MNP is required to achieve the same coverage of
analytes per particle. The law of mass action (see Section 3.2) gives
a reasonable explanation for this effect since the particle con-
centrations reach the range of the inverse association constant for
a binding reaction between protein G and IgG [22]. The increase of
parameter B with a decreasing particle concentration is most
probably caused by a decreasing concentration of residual buffer
solution components that originate from the particle and analyte
stock.

In order to determine K, and N, the concentration of bound
analyte c(Apouna) as a function of ¢o(A) is calculated as described in
Section 3.1. As can be seen in Fig. 3, the slope of the curves is
shifted to higher values of co(A) compared to Fig. 2 because

A(ﬂpeak =B-

Table 1
Fit parameters of Agpeqy as a function of the sample analyte concentration with a

logistic function for MNP concentrations of 9.06 nM, 2.26 nM and 566 pM.

¢ (MNP) BJ° €0,half [NM a

9.06 nM 1742 (+ 1.05) 15.20 (+ 2.56) 149 (+0.33)
2.26 nM 19.34 (+0.83) 5.84 ( + 0.80) 1.56 ( + 0.20)
566 pM 21.84 (+0.7) 4.66 (+0.92) 1.79 (+0.29)
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Fig. 3. Determined concentration of analyte bound to MNPs as a function of sample

analyte concentration for particle concentrations of 9.06 nM, 2.26 nM and 566 pM.
Lines represent fits with Eq. (9).

Table 2
Fit parameters of ¢ (Apound) as a function of co(A) with Eq. (9) for the three sample
series with MNP concentrations of 9.06 nM, 2.26 nM and 566 pM.

¢ (MNP) Ka/M—l Neov

9.06 nM 2.39 (+1.76)-10° 12.12 ( + 0.69)
226 nM 5.38 (+4.70)- 108 18.62 ( + 1.09)
566 pM - -

. S . 3
C(Apound) is, as a first approximation, proportional to (Agopeak) .
Furthermore, the curve with the higher particle concentration
possesses the higher rise since here absolute concentrations of the
bound analyte are compared. However, the end value of ¢(Apound)
does not scale linearly with the particle concentration. This is a
direct consequence of the different B parameters of the three
curves in Fig. 2. The fit of the conversion results with Eq. (9) leads
to a approximate determination of K, and N, (see Table 2) be-
cause the number of points in the region of the slope is reduced
compared to Fig. 2. For the 566 pM sample series no converging fit
could be performed. Nevertheless, the association constants of
239 x 108 M1 and 5.38 x 108 M-! for the sample series with a
MNP concentration of 2.26 nM and 9.06 nM lie within the range of
the literature values, which are reported in [22] as 1 x 108 M~1-
8 x 108 M-1. The determined N, values of 18.62 and 12.12 lie also
in a reasonable range taking into account that the manufacturer
estimates an average binding of 15 IgG to the MNP protein G shell.

5. Conclusions

The impact of the particle concentration on the calibration
curves of a homogeneous bioassay based on magnetic nano-
particles in a rotating magnetic field was investigated. A fit of
these curves with a logistic function showed that a reduction of
the particle concentration did not result in a reduction of the
bioassay range by the same factor. This effect is a direct outcome of
the law of mass action which describes the relation of two reactant
concentrations to the one of the reactants’ products. The measured
phase lag change curves were converted to the amount of analyte
bound to the MNPs. By fitting an equation derived from the law of
mass action to the conversion results the association constant K,
could be determined. This result is a approximate determination
due to the reduced number of points in the slope range. However,
the values 2.39 x 108 M~! and 5.38 x 108 M-! for the binding re-
action's association constant lie well in the range of the literature
values.
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