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Abstract  

There is an increasing need to develop biosensor methods that are highly sensitive and that can be 

combined with low-cost consumables. The use of magnetic nanoparticles (MNPs) is attractive because 

their detection is compatible with low-cost disposables and because application of a magnetic field can 

be used to accelerate assay kinetics. We present the first study and comparison of the performance of 

magnetic susceptibility measurements and a newly proposed optomagnetic method. For the comparison 

we use the C-reactive protein (CRP) induced agglutination of identical samples of 100 nm MNPs 

conjugated with CRP antibodies. Both methods detect agglutination as a shift to lower frequencies in 

measurements of the dynamics in response to an applied oscillating magnetic field. The magnetic 

susceptibility method probes the magnetic response whereas the optomagnetic technique probes the 

modulation of laser light transmitted through the sample. The two techniques provided highly 
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correlated results upon agglutination when they measure the decrease of the signal from the individual 

MNPs (turn-off detection strategy), whereas the techniques provided different results, strongly 

depending on the read-out frequency, when detecting the signal due to MNP agglomerates (turn-on 

detection strategy). These observations are considered to be caused by differences in the volume-

dependence of the magnetic and optical signals from agglomerates. The highest signal from 

agglomerates was found in the optomagnetic signal at low frequencies. 

Keywords  

Brownian relaxation, CRP, agglutination assay, magnetic beads, biosensor 

1. Introduction  

Magnetic nanoparticles (MNPs) provide some unique advantages for use as readout labels in biological 

assays. For example, MNPs can be forced to move in an applied magnetic field, thereby speeding up 

reaction kinetics by overcoming limitations imposed by diffusion (Baudry et al., 2006). Further, several 

sensitive readout principles are available for measurements on MNP suspensions that can be performed 

without physical or electrical contact to the suspension enabling use of low-cost disposables. Often, the 

readout is based on a change of the hydrodynamic size of the MNPs in the presence of the target, either 

due to the target itself binding to the surface of individual MNPs or due to the target-induced clustering 

of the MNPs. The hydrodynamic size of the MNPs can be obtained in measurements of the Brownian 

relaxation response of the MNPs, i.e., of the ability of the particles to rotate in response to an 

oscillating magnetic field (Connolly and St Pierre, 2001). 

Initial work utilizing MNPs in a homogeneous assay format focused on the application of a magnetic 

field to enhance reaction kinetics and measured the change in turbidity at a fixed delay after a magnetic 

field was applied (Baudry et al., 2006; Moser et al., 2009). In bioassays with a readout based on the 

Brownian relaxation response of MNPs, the magnetic response from the MNPs was first measured 

inductively using pickup coils (Astalan et al., 2004; Chung et al., 2004). Later, the magnetic response 

of suspensions of single domain MNPs was measured optically using the Faraday effect to detect the 

rotation of polarization of a beam of polarized light (Aurich et al., 2007; Chung et al., 2008; Wilhelm et 

al., 2002). Subsequent studies found that the optical scattering properties of MNP suspensions in 

oscillating or rotating magnetic fields resulted in larger signals with reduced requirements for the 
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magnetic properties of the MNPs as a result (Park et al., 2010; Ranzoni et al., 2011). To distinguish 

these effects, which have a geometrical origin, from traditional magnetooptical effects, they have been 

termed “optomagnetic” effects. The optomagnetic effects utilize the linked magnetic and optical 

anisotropies of the MNPs or clusters of MNPs, i.e., that the scattering and absorption of light by MNPs 

and clusters of MNPs vary when they rotate in response to an applied oscillating magnetic field. In 

addition to a larger signal, these approaches greatly simplify the setup and eliminate the need for 

polarizers. 

Although measurements of the magnetic signal have continued to be of interest (Dieckhoff et al., 2014; 

Engström et al., 2013; Strömberg et al., 2014; Zardán Gómez de la Torre et al., 2011), optomagnetic 

readout strategies have attracted significant focus (Antunes et al., 2015; Bejhed et al., 2015; Donolato 

et al., 2015a, 2015b; Mezger et al., 2015; Ranzoni et al., 2012; Tian et al., 2016; Yang et al., 2016). 

These can be applied on any transparent sample container fitting between the coils providing the 

magnetic excitation field and therefore they are easily combined with various formats of low-cost 

disposable sample containers. The assay strategies for the optomagnetic and magnetic readouts are 

essentially identical, but the two techniques probe very different properties of an MNP suspension and 

therefore they may respond differently when employed for readout in bioassays. For example, detection 

of the binding of MNPs to ~1 m large coils of DNA formed by rolling circle amplification has been 

performed by both techniques (Donolato et al., 2015a; Strömberg et al., 2014). There, the optomagnetic 

signal was observed to display a sign change when the circumference of MNP agglomerates 

approached the wavelength of the laser light and the scattering entered the Mie regime (Bejhed et al., 

2015; Donolato et al., 2015a). No sign change was observed for the AC susceptibility data (Strömberg 

et al., 2014). However, a direct comparison of the two methods has not been presented and it is unclear 

how agglutination of MNPs affects the signals obtained by the two methods. 

Here, we study and compare the two methods when used to read out the response of MNPs with a 

nominal diameter of 100 nm functionalized with polyclonal CRP antibodies when these are incubated 

with varying concentrations of CRP in serum. Each CRP molecule has multiple binding sites for the 

CRP antibodies and can thus result in crosslinking of MNPs as schematically illustrated in Fig. 1. The 

MNPs have a remnant magnetic moment and rotate in response to an applied magnetic field to 
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preferentially align the magnetic moment along the applied magnetic field. In an oscillating applied 

magnetic field, the moments will repeatedly align and randomize during a cycle of the magnetic field. 

The degree of alignment is determined by the amplitude and frequency of the magnetic field and the 

Brownian relaxation times of the MNPs. The MNPs used in the present study are irregularly shaped 

and display linked optical and magnetic anisotropies. Thus, the applied oscillating magnetic field 

results in a modulation of both the optical scattering properties and the magnetic response of the MNP 

suspension. The optical response is measured via the modulation of the intensity of light transmitted 

through the MNP suspension and the magnetic response is measured as the induced voltage in a pick-

up coil (Fig. 1). The magnitude and phase of both signals with respect to the magnetic field excitation 

are measured vs. the frequency, f, of the applied magnetic field using lock-in technique. The 

optomagnetic signal is a geometrical effect and thus depends only on the magnitude of the magnetic 

field. Therefore, it appears as a signal at 2f, i.e., it is detected in the 2
nd

 harmonic signal. The magnetic 

signal is sensitive to the orientation of the magnetic moment and is detected in the 1
st
 harmonic signal. 

The frequency response is dominated by Brownian relaxation with a characteristic frequency, Bf , 

which is inversely proportional to the hydrodynamic volume. Thus, an increase of the hydrodynamic 

volume of MNPs causes a shift of the response to lower frequencies. 

Below, we compare measurements and analysis strategies in a commercially available AC 

susceptometer and in a setup for optomagnetic measurements using identical samples containing 

various CRP concentrations. This enables a direct comparison of the signals obtained by the two 

methods. The purpose of the study is to link and compare the two somewhat different but related 

readout methods to gain insight in the pros and cons of the two methods. 
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Fig. 1. Schematics of assay and readout principles. (a) The MNPs are functionalized with polyclonal CRP antibodies. CRP molecules can 

link several MNPs together resulting in formation of clusters (here illustrated for only two MNPs). The orientation of MNPs and of MNP 

clusters is modulated by application of an oscillating external magnetic field in the vertical direction. (b) The optomagnetic technique 

measures the modulation of the intensity of the transmitted light using a photodetector. (c) The AC susceptometer measures the voltage in 

a pick-up coil induced by the time-dependent magnetization variation of the sample.  

2. Material and methods  

2.1 Functionalization of magnetic nanoparticles  

Goat polyclonal CRP antibodies (Abs) (Midland Bioproducts, USA, Product number: 73307) were 

covalently coupled to 100 nm diameter sized carboxy labeled magnetic nanoparticles (Micromod 

GmbH, Germany, Prod code: 10-02-102 S04714) using EDC (1-Ethyl-3-(3-dimethylaminopropyl) 

carbodiimide, Fischer Scientific, Denmark, Product number PI-22980). Unless otherwise stated, all 

chemicals were purchased from Sigma-Aldrich. 

First, stock solutions of MNPs, EDC and Abs were prepared: MNPs were resuspended to 2.5 g/L (2.5 

nmol/L) in the conjugation buffer (0.050 mol/L MES, pH 4.8). EDC stock was prepared by dissolving 

EDC in 0.050 mol/L MES, pH 6.0 to a concentration of 6.4 mmol/L. The Ab stock was concentrated 

thirty times by spinning the supernatant of the Ab suspension through a centrifugal spin filter with a 

30 kDa molecular weight cut off (Amicon Ultra 30MWCO, Merck Millipore, Denmark) to a final 

concentration of 47.57 g/L (0.3 mmol/L).  

Second, the MNPs were functionalized. The Ab stock was spiked to the MNP suspension at a ratio of 

12 nm
2
 of particle surface per Ab corresponding to 2667 antibodies per MNP (v/v = 2%). 

Subsequently, the EDC stock was spiked to the suspension at 1000 mol EDC per mol Ab (v/v = 50%). 

The MNP concentration was adjusted to 0.625 g/L by adding 0.050 mol/L MES, pH 6.0, and the 

crosslinking reaction proceeded using pulsed vortexing, 1 s on followed by 9 s off, for 30 min at 
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ambient temperature and was then stopped by adding 25% of the conjugation volume of 0.500 mol/L 

Tris, 0.500 mol/L Glycine, pH 8.8.  

The conjugated MNPs were magnetically separated and washed in wash buffer (0.010 mol/L Tris, 

0.05% (v/v) Tween-20, pH 8.9) three times at 1.5 g/L. Finally, the MNPs were blocked using ”The 

Blocking Solution” (TBS buffer, Candor Bioscience GmbH, Germany, Product number: 110010) for 

30 min at ambient temperature at 0.25 g/L (0.25 nmol/L). This suspension formed the stock solution of 

Ab-functionalized MNPs. The Ab loading was measured to 930 Abs per bead using the absorbance ( 

= 280 nm) of the stock solution and of the supernatants from the washing steps. 

2.2 Assay  

All stock solutions were briefly vortexed before use. 190 μL of the functionalized MNP stock solution 

was transferred to a cuvette (67.758.001, Sarstedt, Nümbrecht, Germany) and mixed by vortex with 20 

μL of CRP-free serum (Hytest Ltd, Finland) spiked with CRP to the indicated concentration, c, of CRP. 

Note, that c is the CRP concentration in the spiked serum sample and hence that the CRP concentration 

in the sample after mixing is 0.095c. The molar mass of CRP is 25106 g/mol. The reaction was allowed 

to run for 80 min to reach equilibrium. Prior to measurements, the solution was mixed by vortexing. 

2.3 Readout 

All samples were measured using the optomagnetic setup and subsequently in the commercial AC 

susceptometer.  

2.3.1 Optomagnetic measurements 

Optomagnetic measurements were performed on the sample in the cuvette using the system previously 

described in (Donolato et al., 2015a; Bejhed et al., 2015). In this setup, the magnetic field was applied 

along the path of the laser light (Sony optical unit, Sony, JP,  = 405 nm, light beam with a diameter of 

2 mm). Two electromagnetic coils (1433428C, Murata Power Solutions Inc., U.S.A.) placed on either 

side of the cuvette provided a magnetic field excitation with an amplitude of 2.6 mT. The transmission 

of laser light through the cuvette (2 mm) was measured using a photodiode (PDA36A, Thorlabs Inc., 

U.S.A.). The magnetic field excitation was controlled and the photodetector signal was recorded via 
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LabView using a data acquisition card (NI USB-6341, National Instruments, U.S.A.). The 2
nd

 harmonic 

complex lock-in signal was calculated from the time traces in LabView. The spectra were measured 

from 1 Hz to 1 kHz in 20 logarithmically equidistant steps. A spectrum was recorded in about 2 min. 

2.3.2 Magnetic susceptibility measurements 

AC susceptibility measurements were performed using a DynoMag System (Acreo, Swedish ICT, 

Sweden), which measured the complex magnetic susceptibility in 20 logarithmically equidistant steps 

from 1 Hz to 100 kHz. The field amplitude was 0.5 mT. The measurements were performed 

immediately after the optomagnetic measurements where 200 μL of the sample from the cuvette was 

added to a DynoMag sample container and placed in the instrument. A spectrum was recorded in about 

20 min. 

3. Results and discussion 

Figure 2 shows the results of the optomagnetic and magnetic measurements on 190 L CRP-Ab 

functionalized MNPs in buffer and with 20 L of CRP-free serum spiked with CRP to the indicated 

concentrations, c.  

For the optomagnetic (OM) data, the figure shows the in-phase and out-of-phase components, 
2V   and 

2V  , of the complex 2
nd

 harmonic signal,  OMOM 2sini2cosi 2222   VVVV , from the 

photodetector as well as the magnetic phase lag of the signal   2,2atan 22
OM VV   (Bejhed et al., 

2015). The photodetector signals were normalized with respect to the measured average photodetector 

signal, 
0V , to compensate for possible variations in the laser light intensity. 

For the AC susceptibility (ACS) data, the figure shows the in-phase and out-of-phase components,   

and   , of the complex magnetic susceptibility signal,  ACSACS sinicosi   , as well 

as the magnetic phase lag of the signal,    ,2atanACS . To account for variation in the MNP 

concentration from sample to sample, the susceptibility was normalized with respect to the in-phase 

magnetic susceptibility measured at a high frequency ( 
 ), which is proportional to the amount of 

MNPs in the sample (Zardán Gómez de la Torre et al., 2011). 
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Fig. 2. Results of agglutination assay measurements for anti-CRP functionalized beads in blocking buffer (blue), and in a mixture of 190 

L MNP suspension with 20 L CRP-free serum with CRP concentrations c of <0.02 mg/L (red), 1 mg/L (green), 3 mg/L (black) and 9 mg/L 

(pink). Panels (a) and (b) show the real and imaginary components   and    of the magnetic susceptibility normalized with the high-

frequency value of the in-phase susceptibility 
  and panel (c) shows the corresponding magnetic phase lag    ,2atanACS . 

Panels (d) and (e) show the real and imaginary components 2V   and 2V   of the optomagnetic signal normalized with the total light 

intensity V0 and panel (f) shows the corresponding magnetic phase lag,   2,2atan 22
OM VV  . Data in (a)-(c) represent single 

measurements. Data in (d)-(f) represent three consecutive measurements on the same sample with error bars smaller than the shown 

data points. The lines are guides to the eye. 

3.1 Brownian relaxation of magnetic nanoparticles in buffer 

We first compare the observations by the two techniques for the ‘only MNPs’ sample, where the 

functionalized MNPs were suspended in blocking buffer with no added serum or CRP. The in-phase 

magnetic susceptibility,   (Fig. 2a), shows a plateau at low frequencies and a decrease towards a 

small but finite value at high frequencies. The out-of-phase magnetic susceptibility,    (Fig. 2b), 

shows a peak at a frequency corresponding to the inflection point in the   data. This is the typical 

observation for MNPs exhibiting Brownian relaxation (rotational diffusion).  
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In the literature it is established that ACS provides the size distribution and that even bi-model 

distribution can be resolved (Lak et al., 2015). The hydrodynamic size of a monodisperse particle 

suspension can be found from the 𝜒′′ peak position, which corresponds to the Brownian relaxation 

frequency(Connolly and St Pierre, 2001): 

3

h

2

B
B

D

Tk
f


 , (1) 

where Bk  is Boltzmann’s constant, T is the absolute temperature,  is the dynamic viscosity of the 

liquid and hD  is the hydrodynamic diameter of the MNPs. From analysis of the ACS data in Fig. 2b 

we obtain ACS

Bf = 234 Hz. Using T = 295 K and  = 0.9544 mPa s in Eq. (1), we find 
ACS
hD = 123 nm.  

We have previously argued that for low amplitudes of the magnetic field excitation, the optomagnetic 

signal can be related to the magnetic susceptibility signal according to 
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(3) 

where 0
~    is the susceptibility normalized with respect to the static susceptibility and the 

amplitude of the time-dependent optomagnetic response acV  is positive when the intensity of 

transmitted light increases when a magnetic field is applied and negative in the opposite case (Bejhed et 

al., 2015; Donolato et al., 2015a). Thus, the optomagnetic signal is expected to show a plateau in the 

2V   signal ( ac22

1 V ) at low frequencies and a change of sign at Bff  , where    in a simple 

Debye model for a single MNP size. Correspondingly, the 2V   signal shows a peak at a frequency 

related to, but lower than Bf . The data in Fig. 2e show that the 2V   signal shows a plateau-like feature at 

low frequencies (f  10
2
 Hz) but also that the signal magnitude continues to decrease when the 

frequency is lowered. From the optomagnetic data in Fig. 2e, we observe that the 2V   signal crosses 

zero at OM

Bf  500 Hz corresponding to 
OM

h
D  95 nm. However, the magnetic field applied during 
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these measurements was outside the linear response range for Brownian relaxation and therefore the 

curves were shifted towards higher frequency (Yoshida and Enpuku, 2009). Therefore, the above value 

of OM

Bf  overestimates the true, field-independent, value of OM

Bf . Taking this into account, the values 

of hD  determined by the two methods are consistent with each other and with the manufacturer’s 

specifications. This indicates that both methods can be applied to characterize dispersions of MNPs 

with a comparatively narrow size distribution. 

We attribute the lack of a constant plateau to unspecific agglomeration of MNPs. Due to the larger 

hydrodynamic size of agglomerates, they contribute to the signal at lower frequencies than the free 

MNPs. In the magnetic susceptibility measurements, agglomerates are observed as a tail in the signal at 

low frequencies. In the optomagnetic measurements, agglomerates are also observed at low 

frequencies, but due to the size-dependence of the optical scattering properties (Donolato et al., 2015a; 

Yang et al., 2016), these contribute to the signal with a negative value of acV  and therefore, according 

to Eq. (2), a positive signal change is observed at low frequencies (see Figs. 2d and 2e for f  10
2
 Hz) 

3.2 Detection of CRP 

Next, we compare the observations by the two techniques for the more complex case where the Ab-

functionalized MNPs are mixed with CRP-free serum spiked with CRP at different concentrations. As 

CRP has multiple binding sites for the polyclonal Abs, each CRP molecule can bind to and link up to 

two MNPs. In the literature, it has been established that AC susceptibility measurements can be used to 

estimate the distribution of hydrodynamic size of particles or of clusters of particles via the features in 

the out-of-phase magnetic susceptibility spectra (Lak et al., 2015). However, it is not a priori clear 

whether the two very different readout methods provide equivalent information and how the 

optomagnetic results are influenced by the agglutination of the MNPs. Below, we first describe the 

general observations by the two methods when adding CRP. Then we analyze the observed changes as 

function of CRP concentration, and compare results obtained using three different analysis approaches, 

namely turn-off detection, turn-on detection and phase-based detection. 
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Figure 2 shows the data measured for CRP-Ab functionalized MNPs mixed with the indicated final 

concentrations, c, of CRP spiked into CRP-free serum.  

We first focus on the magnetic susceptibility data in Figs. 2a-c. In Fig. 2b, it is clearly observed that the 

peak in the    data at Bff   for the c = 0 mg/mL sample in serum is reduced in magnitude and 

broadened towards lower frequencies compared to the ‘only MNPs’ sample measured in blocking 

buffer. This difference is attributed to partial agglomeration of the MNPs – either due to unspecific 

interactions or due to the fact that even CRP-free serum may contain up to 0.02 mg/L CRP. For 

increasing CRP concentration c  3 mg/mL, the peak of the    data in Fig. 2b shows a monotonic 

decrease in amplitude, a shift towards lower frequencies and a signal appears at frequencies of 10 Hz 

and below. These changes show a monotonic dependence on c and can unambiguously be attributed to 

the formation of MNP clusters with increasing hydrodynamic size. For c = 3 mg/L, a clear peak-like 

feature is observed in the    signal at about 3 Hz corresponding to a hydrodynamic diameter of 
ACS

h
D  

500 nm and a hydrodynamic volume, which is about a factor of hundred times larger than that of the 

individual MNPs. The    data in Fig. 2a show a corresponding progression from a nearly flat response 

at f < 10
2
 Hz to a reduced signal with a slope of increasing magnitude with increasing c. For c = 9 

mg/mL, the magnetic susceptibility data are similar to those obtained for c = 0 mg/mL and c = 1 

mg/mL showing that in this case only small MNP clusters have formed. This is attributed to saturation 

of the individual MNPs with CRP that prevents CRP-mediated linking between MNPs. This well-

known ‘hook effect’ will be discussed in more detail below. 

Next, we consider the optomagnetic data in Figs. 2d-f that show a more complex behavior. However, it 

follows the same systematic dependence on c as the magnetic susceptibility data. We focus at first on 

the 2V   data in Fig. 2e. Compared to the ‘only MNPs’ sample, the c = 0 sample in serum shows a 

negative signal near f = 10
2
 Hz, which is reduced in magnitude and superposed with a positive signal at 

50 Hz and below. The magnitude of this positive signal increase with c for c  3 mg/mL and for c = 3 

mg/mL a negative signal change is observed at f  3 Hz. The 2V   spectrum for c = 9 mg/mL lies 

between those obtained for c = 0 mg/mL and c = 1 mg/mL. Correspondingly, the 2V   data in Fig. 2d 

show a positive peak that increases in magnitude and shifts from 20 Hz to 15 Hz with increasing c for c 
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 3 mg/mL and for c = 3 mg/mL, a negative peak in the signal is observed at f  3 Hz. The 2V   data for 

c = 9 mg/mL shows the same behavior as described for the 2V   data. The above observations can be 

explained in terms of the dependence of the optical extinction coefficient on the size of agglomerates. 

The individual MNPs display signal contribution with a positive value of acV , i.e., more light is 

transmitted through the MNP suspension when the magnetic field is large. When the MNPs form 

agglomerates with sizes comparable to the wavelength of the light, the scattering properties change 

such that less light is transmitted when the magnetic field is large, i.e., acV  becomes negative and the 

signal changes sign. When very large agglomerates are formed (as observed for c = 3 mg/mL), 

absorption dominates and the geometrical cross-section of the MNP cluster dominates, which is smaller 

in an applied magnetic field as the MNP cluster, due to shape anisotropy, will tend to be elongated 

along the magnetic field and therefore acV  becomes positive again. 

The above considerations clearly demonstrate that the two experimental techniques probe different 

aspects of the properties of the investigated sample and thus it is interesting to compare results obtained 

using different analysis strategies. 

3.3 Dose-response curves and comparison of techniques 

Turn-off detection measures the reduction of the signal due to free MNPs when these form 

agglomerates. This strategy has been employed in several studies that primarily focused on the 

detection of large amplicons formed by rolling circle amplification of DNA (Donolato et al., 2015a, 

2015b; Engström et al., 2013; Strömberg et al., 2014; Zardán Gómez de la Torre et al., 2011). In the 

present study, we compare the peak value in the out-of-phase magnetic signal, 
  , measured at f = 

234 Hz ( Bf ) with the peak value in the optomagnetic signal, 02 VV  , measured at f = 334 Hz vs. the 

CRP concentration, c, in the sample added to the MNP suspension. 

Turn-on detection measures the increase of the signal at low frequencies as MNPs form agglomerates. 

This strategy has been used to a lower extent in previous work (Antunes et al., 2015), as it may be 

difficult to distinguish the signal from agglomerates from that due to free MNPs. In the present study, 
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we compare the out-of-phase magnetic signal, 
  , with the optomagnetic signal, 02 VV  , measured 

at f = 4 Hz and 12 Hz, respectively. 

Phase-based detection measures the changes of the magnetic phase lag for the two signals at one or 

more frequencies well below Bf , where the phase exhibits a large change upon agglomeration of the 

MNPs. This approach has the advantage that it is nominally insensitive to small variations in the MNP 

concentration (Bejhed et al., 2015; Dieckhoff et al., 2014; Mezger et al., 2015). In the present study, we 

compare the magnetic phase lags, OM  and ACS , determined from the optomagnetic and magnetic 

susceptibility data measured at f = 4 Hz and 12 Hz, respectively.  

Fig. 3. Dose-response curve for optomagnetic (blue, open symbols) and AC susceptibility measurements (red, filled symbols) obtained 

using: (a) a turn-off scheme measuring the reduction of the single MNP signal at f = 334 Hz (OM) and f = 234 Hz (ACS); (b) a turn-on 

scheme measuring the signal increase at f =4 Hz  (triangles) and 12 Hz (squares); (c) phase-based scheme measuring the magnetic phase 

lag at f = 4 Hz (triangles) and 12 Hz (squares). The left and right vertical axes correspond to the OM and ACS data, respectively. All 

graphs show the signal difference compared to the MNP sample in blocking buffer. The points at 0.02 mg/L correspond to CRP-free 

serum (c < 0.02 mg/L). AC susceptibility measurements were performed in singlet. Error bars for the OM data were obtained from three 

consecutive measurements on the same sample. 

Figures 3a-c show the signals vs. c for the three above analysis strategies. All values are shown relative 

to the signal from the MNPs in buffer (the ‘only beads’ sample), and the upper values of the scales 

have been chosen to obtain the best overlap of data. 

For the turn-off dose-response curve (Fig. 3a) there is a good general agreement between the 

optomagnetic and magnetic susceptibility values, which is reflected in a Pearson correlation coefficient, 
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r, of 0.9991. For the turn-on detection, on the other hand, the selection of probe frequency has a large 

impact on the results. We attribute this to the change of the size distribution for the different CRP 

concentrations and that the agglomerate sizes are weighted differently in the two methods. The AC 

susceptibility signal is weighted by the square of the magnetic moment of the agglomerates, which may 

show a non-trivial dependence on the agglomerate size. The optomagnetic signal is also weighted by 

the square of the magnetic moment, but furthermore by the extinction properties of the agglomerates, 

which are known to depend strongly on the size. The aspect ratio of agglomerates and the distribution 

of MNP orientations within an agglomerate are not known and may potentially depend on the size of 

the agglomerate. In addition, the sign of the optomagnetic signal changes twice with increasing size of 

the agglomerates. For the 12 Hz turn-on detection (Fig. 3b), we obtain a larger correlation between the 

two methods (r = 0.99) compared to the 4 Hz turn-on detection (r = 0.86). We hypothesize the reason 

for this to be that agglomerates with similar scattering properties (positive 02 VV   signal) contribute 

mostly to the optomagnetic signal near f = 12 Hz, whereas for f  > 12 Hz also the free MNPs contribute 

with a negative signal such that the resulting signal is due to a size distribution with mixed positive and 

negative signals. Correspondingly, for f < 12 Hz a negative signal from the very large agglomerates 

contributes and the signal again is due to a mixture of positive and negative signals.  

The change in the magnetic phase lag obtained from the magnetic susceptibility data is almost 

independent on f for f < 100 Hz when the MNPs agglomerate (Fig. 2c). This is reflected in the phase-

based detection data (Fig. 3b) that overlap for 4 Hz and 12 Hz. In contrast, the magnetic phase lag 

determined from the optomagnetic data is strongly sensitive to both the frequency and the 

agglomeration state. At f = 12 Hz, OM  resembles ACS , but OM  differs significantly from ACS  at 

lower frequencies (Fig. 2f). As discussed above, these differences are attributed to different weighting 

of the size distributions in the two methods. The sign changes in the optomagnetic signal make the 

magnetic phase difficult to interpret physically because the signal is a superposition of contributions 

with different signs and the calculation of the phase is non-linearly related to these contributions. 

However, as observed in Fig. 3c, a large change in the phase is observed at low frequencies (4 Hz). 

This indicates that the phase of the optomagnetic signal is highly sensitive to formation of 

agglomerates.  
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We next consider the ‘hook effect’ that occurs when MNPs approach saturation with CRP such that 

CRP-mediated MNP agglomeration is reduced. The highest response observed at c = 3 mg/L CRP 

corresponding to 50 CRP molecules per MNP. For c = 9 mg/L (150 CRP molecules per MNP), the 

response is reduced indicating that the MNPs become partially blocked by CRP molecules and hence 

are less able to agglomerate. The CRP concentration above which the hook effect appears can be 

modified by changing the MNP concentration, the number of active Abs per MNP or by diluting the 

sample. Such changes can also be used to tune the lower range of concentrations that can be resolved. 

To further support the validity of the above comparison and conclusions concerning the different 

readout strategies, we carried out the same analysis and comparison for the CRP assay in Tris buffer at 

pH 9 (SI, Section S1). The higher pH decreased the affinity of anti-CRP towards CRP. Therefore, the 

hook effect was shifted to a higher CRP concentration. Despite these differences, we observed the same 

relations between the magnetic and optomagnetic measurements as described above. 

The present study focused on the comparison of the optomagnetic and magnetic susceptibility readouts 

on identical samples with different degrees of MNP clustering, where CRP was used as a test case. The 

results suffered from partial MNP agglomeration due to unspecific interactions and/or a small amount 

of CRP in the nominally CRP free serum sample, which would have to be resolved to assess the limit 

of detection of the techniques on clinical samples. The reduction of this agglomeration is topic of our 

further work. 

5. Conclusion  

We have compared an optomagnetic readout to a more established magnetic readout of the distribution 

of hydrodynamic sizes of magnetic nanoparticles using a CRP agglutination assay as a test case. The 

measurements, which were performed sequentially on the same samples, showed excellent correlation 

when used in a turn-off detection scheme based on monitoring the depletion of free MNPs. The high 

correlation between the methods shows that the two methods in that case probe the same Brownian 

relaxation dynamics. However, using turn-on and phase-based detection schemes, the correlation 

between the two techniques is less clear because the two methods have different sensitivities to the size 

of agglomerates. In the magnetic susceptibility measurements, agglomerates were observed as a 

shoulder on the free MNP signal, whereas in the optomagnetic measurements, agglomerates were 
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observed as signals with opposite sign of that due to free MNPs. Further, the optomagnetic technique 

was more sensitive to large agglomerates. The optomagnetic technique had the advantage that 

measurements were completed in a matter of minutes compared to tens of minutes for the commercial 

AC susceptometer. The main reason for this is that the magnetic signal in the susceptometer is 

proportional to the frequency and hence is weak at low frequencies, where a longer measurement time 

is needed to obtain sufficient data quality. Further, the inherent higher sensitivity of the optical signal 

enables measurements at lower MNP concentrations where a higher sensitivity may be achieved. 

Finally, the optomagnetic setup is simple, compatible with plastic disposable sample containers and it 

can be constructed using low-cost hardware components.  
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