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 13 

Abstract 14 

Lateral flow assays may be used by minimally trained personnel for fast and 15 

inexpensive bioanalyses in decentralized non-exigent environments. Their extension to a 16 

broader catalog of applications depends on improvements in their quantification and their 17 

sensitivity. We report a strategy that combines nanomagnetic tagging of the analyte of 18 

interest with radiofrequency inductive sensing, easy to achieve in friendly and portable 19 

format. To optimize nanotag performance, we investigated the influences of their 20 

magnetic core size and agglomeration. Iron oxide nanoparticles, with sizes from 5 to 23 21 

nm, were synthesized by thermal decomposition and then coated with dimercaptosucc inic 22 

acid and functionalized with neutravidin protein. We tested the system by immobilizing 23 

biotin in lateral flow membrane strips. When a sample containing the particles flows 24 

along the membrane, the biotin captures the neutravidin together with the magnetic 25 

nanotags, which are detected by the inductive sensor. The optimal nanotag core size is 26 

the critical threshold for superparamagnetic behavior, which maximizes both the init ia l 27 

magnetic permeability and the saturation magnetization. Controlled agglomeration of the 28 

nanotags increases the magnetic mass captured in the test line and further amplifies the 29 

signal. 30 

 31 

1. Introduction 32 

Lateral flow immunoassay is a bio-testing method that is spreading thanks to its many 33 

advantages for point-of-care applications, such as quickness, portability, easy use, and 34 

low cost. Since its well-known use for home pregnancy tests launched in the early 1980s, 35 

its increasing application for diagnosis and prognosis in health1-4 and food and 36 

environmental safety5-9 have conferred it a solid reputation as a routine screening tool. In 37 

applications that need rapid decision-making10-12 the advantages of the lateral flow 38 

method stand up, even when sometimes its sensitivity is lower than that of other 39 

immunoanalytical techniques (e.g., the enzyme-linked immunosorbent assay). To 40 

improve sensitivity and reduce the limits of detection, some ideas, such as chemical signal 41 

enhancement,13-15 test design,16 or more sensitive transducers or read-out 42 

instrumentation17 have been explored. 43 



The keys of lateral flow assays (LFA) are paper microfluidics and bio-recognition. The 44 

test consists of a strip of a nitrocellulose nanoporous membrane along which the liquid 45 

sample (urine, saliva, blood, serum, or plasma, or food or environmental samples) flows 46 

by capillary action. The analyte of interest is selectively captured by a bio-recognit ion 47 

molecule that is previously immobilized across the strip, forming the test line. In order to 48 

develop the test, the bioreceptor used for detection is labeled by colored nanopartic les 49 

that are detectable by the naked eye and provide a yes/no response. The presence/absence 50 

test or a semiquantitative one is satisfactory for some applications such as pregnancy, but 51 

for many others, such as diagnosis by biomarkers in cancer or myocardial infarction and 52 

toxin thresholds, one needs reliable, quantitative results. 53 

Optical readers based on image analysis, reflectance or fluorescence measurements can 54 

be used to quantify the signal.18, 19 However, these readings are very sensitive to ambient 55 

light, humidity, and staining or aging of the paper strip, which frequently cause 56 

difficulties in calibration and reproducibility, especially in samples with a complex or 57 

strongly colored matrix.20 58 

Some authors have proposed magnetic nanoparticles (MNPs) as an efficient label in 59 

LFA18. MNPs have a tunable size and surface chemistry, which make them physica lly 60 

and chemically stable, biocompatible and easily biofunctionalizable. Additionally, their 61 

production is not expensive.21 MNPs produce a magnetic perturbation around them that 62 

can be detected by an adequate magnetic sensor without interference from the biologica l 63 

sample or the paper. Moreover, one can use their magnetism for pre-concentration or 64 

separation of the target analyte from the sample matrix, which can enormously help 65 

enhance the sensitivity without complex manipulation.22-24 Additionally, magnetic 66 

signals do not degrade significantly with time, and sense not only particles on the surface 67 

but in the whole volume of the test line.25 68 

We recently developed a detection method using superparamagnetic nanopartic les 69 

combined with inductive detection with a single planar coil.26 We proved the feasibility 70 

of the methodology in the quantification of prostatic cancer biomarkers27 and toxic 71 

biogenic amines.20 72 

To optimize magnetic LFA, we need to analyze the properties of the separate 73 

components as well as their cooperative behavior. In inductive detection, the most critical 74 

parameters of the nanoparticles should be their magnetic moment and their init ia l 75 

magnetic permeability at the working frequency. To determine the possibility to control 76 

these variables, we have studied in this work the influence of the magnetic core size of 77 

the nanoparticles on their efficiency as LFA labels. For this purpose, iron oxide 78 

nanoparticles with sizes ranging from 5 to 23 nm were synthesized, characterized, and 79 

calibrated in the magnetic sensor. We have then tested them in lateral flow assays by 80 

using the model system neutravidin-biotin. We want to remark that neutravidin-bio t in 81 

affinity has long be used in lateral flow immunoassays for the detection of clinica l 82 

analytes as many commercial antibodies are biotinylated. Therefore, here it is used as a 83 

dummy in which the target of the detection is the neutravidin. 84 

 85 

2. Materials and methods 86 



2.1.  Chemicals and Reagents 87 

Iron chloride hexahydrate. oleic acid, sodium oleate, ethanol, toluene, hexane, 88 

octadecene, dimethyl sulfoxide (DMSO), meso-2,3-dimercaptosuccinic acid (DMSA), 1-89 

ethyl-3-[3-di-methylpropyl]carbodiimide (EDC), bovine serum albumin (BSA), biotin-90 

conjugated bovine serum albumin (BBSA) and Tween20 were purchased from Sigma-91 

Aldrich (Spain). Neutravidin protein was obtained from Thermo Fischer Scientific (USA).  92 

2.2.  Magnetic Nanoparticles Synthesis and Characterization 93 

The synthesis of MNPs with different core sizes was carried out by thermal 94 

decomposition using iron oleate as an iron precursor, which was prepared by a 95 

modification of the procedure published by Bronstein et al.28 In a typical experiment, 10.8 96 

g of FeCl36H2O were mixed with 45 g of sodium oleate in 60 mL of distilled water, 80 97 

mL of ethanol, and 140 mL of hexane. The mixture was heated to 343 K and the reaction 98 

was left for 4 hours in a well-sealed system. Once the mixture was cooled, the aqueous 99 

phase was separated and discarded with a separation funnel and the final product was 100 

washed 3 times with distilled water. The remnant hexane and ethanol were evaporated by 101 

using a rotary evaporator. The final product was left in an inox-oven at 323 K for 12 h. 102 

For MNPs preparation, 4.5 g of liquid iron oleate were weighted with 1.4 g of oleic acid 103 

and mixed in 50 mL of octadecene. The mixture was then placed in a three-neck round-104 

bottom flask in nitrogen environment. First, the mixture was agitated at 340 rpm and 105 

heated to 333 K so the reactants could dissolve. Then, the mixture was heated at a rate of 106 

3.4 K/min until the octadecene boiling point was reached (593 K), where the reaction was 107 

left for one hour. The sample was collected by centrifugation at 8000 rpm for 15 min and 108 

then washed several times with ethanol until organic precursors and reactants were 109 

removed. The obtained MNPs were dispersed in toluene for further functionalization. The 110 

final particle size was increased by reducing the amount of oleic acid in the reaction 111 

media.29 Specifically, 1.4, 0.7, and 0 g of oleic acid were used to achieve particle sizes 112 

around 8, 12, and 23 nm respectively. 113 

The MNPs were coated by DMSA by a ligand exchange process to remove the oleic 114 

acid.30 A previously prepared mixture of 90 mg of DMSA with 5 mL of DMSO was added 115 

into 20 mL of a MNP dispersion of 2.5 mg/mL. After 24 hours of mechanical stirring, the 116 

solvent was discarded and the precipitated MNPs were collected and washed three times 117 

with ethanol. Afterwards, the pH of the MNPs dispersion was increased to 10 with a 0.25 118 

M NaOH solution and dialyzed and filtered through a 0.22 μm pore-size filter before 119 

adjusting the pH to 7. The iron concentration was measured by inductively coupled 120 

plasma optical emission spectroscopy (ICP-OES) with an apparatus from Perkin Elmer, 121 

model OPTIME 2100DV, after digestion with aqua regia. The surface chemistry and 122 

nature of the iron oxide nanoparticles were studied using a Nicolet FT-IR 20SXC 123 

spectrometer recorded in the range of 400−4000 cm−1. Powdered samples were mixed 124 

with KBr and pressed in pellets. 125 

Colloidal properties of the MNPs were studied in a Malvern Instruments Zetasizer Nano 126 

SZ by dynamic light scattering (DLS) measurement equipped with a solid-state He-Ne 127 

laser (wavelength λ = 633 nm) that provided the hydrodynamic size distribution and 128 

average -potential. The magnetic core size was obtained by transmission electron 129 



microscopy (TEM) using a JEOL JEM 1010 microscope at 100 keV. For sample 130 

preparation, a drop of a dilute particle suspension was placed on a copper grid coated with 131 

amorphous carbon and then the solvent was left for evaporation at room temperature. The 132 

TEM particle size distributions were evaluated by measuring the largest core dimension 133 

of at least 200 particles. The data were fitted to a lognormal distribution from which the 134 

mean size and the standard deviation were obtained. 135 

The magnetic properties of the MNPs were studied using a vibrating sample 136 

magnetometer MagLabVSM, Oxford Instruments, with a maximum field of 5 T. A known 137 

amount of a sample was dried at 323 K for 12 h, and then placed in the sample holder. 138 

The hysteresis loop of the samples was measured at 290 K up to ± 5 T. Following the 139 

same sample protocol preparation at room temperature, zero-field-cooled (ZFC) and 140 

field-cooled (FC) curves were obtained using a Quantum Design PPMS magnetometer 141 

equipped with a superconducting coil that produces magnetic fields in the range from -14 142 

T to +14 T. Initial magnetic susceptibility was measured with the same device from 1-143 

10,000 Hz. The magnetization values given in this work are referred to the mass of Fe3O4 144 

derived from the iron concentration obtained by ICP-OES analysis. 145 

To evaluate the MNPs in the LFA’s scanning inductive sensor, some droplets of known 146 

mass from each sample were deposited onto a 10 mm × 2 mm blotting paper and left to 147 

dry for at least 12 h. 148 

2.3. Nanoparticle Biofunctionalization 149 

MNPs of three representative core sizes (8, 12, and 23 nm) and different degrees of 150 

agglomeration were functionalized with neutravidin and tested on an LFA across which 151 

we had printed a biotin test line. 152 

The neutravidin-biotin system is here used as a model to assess the performance of the 153 

particles as tags. The biotin-neutravidin combination is widely known in biochemistry for 154 

its high affinity constant, high thermal and chemical stability, and low non-specific 155 

binding. Neutravidin-conjugated magnetic labels are attractive because many biotinylated 156 

antibodies are commercialized for immunoassays.31, 32 They are also used as a signal 157 

amplification method.15, 33 158 

Here, we use this binding as the antibody-antigen paradigm of the immunoassay. The 159 

carboxylic group present in the DMSA that covers the MNPs was used to link the 160 

neutravidin via an EDC-mediated coupling reaction. We adapted the protocol from.3 4  161 

Briefly, 1 mg of EDC was dissolved in 1 mL of phosphate-buffered saline (PBS, 1 mM 162 

pH 7.4) freshly prepared and kept refrigerated during the process. A solution of 163 

neutravidin (1 mg/mL) was prepared and mixed with a certain amount of the MNPs. After 164 

being placed in a refrigerated ultrasonic bath, subsequent 10 µL additions of the EDC 165 

solution were done at 0, 2, 4, 6, 8, 24, and 30 hours. We carried out DLS measurements 166 

to monitor the biofunctionalization of the particles with neutravidin. 167 

2.4. Preparation of Lateral Flow Strips  168 

For the LFA assembly, we purchased nitrocellulose membranes (UniSartCN95, 169 

Sartorius, Spain), glass fiber sample pads (GFCP001000, Millipore, Germany), absorbent 170 

pads (Whatman, USA) and backing cards (KN-V1080, Kenoshatapes, Netherlands). 171 



The nitrocellulose membrane (25 mm-wide) was attached to an adhesive backing 172 

plastic card to make it sturdy. To form the test line at which the neutravidin will be 173 

immobilized (together with the magnetic labels), we have dispensed across the 174 

nitrocellulose membrane a solution of 1 mg/mL of BBSA at a rate of 0.100 µL/mm (with 175 

an IsoFlow reagent dispensing instrument, Imagene Technology, USA.) After drying, the 176 

sample pad (which enables a controlled transfer of the sample to the membrane) and the 177 

absorbent pad (which acts as a wick and prevents the backflow) were placed onto the 178 

backing card with an overlap of 2 mm. Single 5 mm wide strips were cut with a guillo t ine 179 

(Fellowes Gamma, Spain). 180 

To obtain the sample solution, 80 µL of freshly prepared running buffer (RB) containing 181 

10 mg/mL BSA and 0.5% Tween20 in PBS (10 mM, pH 7.4) were mixed with 20 µL of 182 

the neutravidin-MNP conjugate. The tests were then carried out in dipstick format by 183 

vertically introducing the sample pad end in the sample solution. The solution flows up 184 

by capillary action, and the neutravidin gets trapped by the biotin in the test line (see 185 

Figure 1). After 10 min of immersion, the strip was taken out and let dry. 186 

 187 
Figure 1. A) Schematic illustration of the MNPs biofunctionalization with neutravidin by EDC chemistry. 188 
B) Scheme of a lateral flow strip for neutravidin capture via biotin affinity. For simplification, only one –189 

COOH group has been drawn at the MNPs, and only one –NH2 group at the neutravidin. 190 

2.5. Quantification of the Immunoassays 191 

We evaluated the magnetic LFA signal by means of an inductive sensor that was 192 

developed specifically for lateral flow strips (see Figure 2).27 Its sensing head consists of 193 

a double copper line printed on a rigid insulating substrate across which an alternating 194 

current flows. The magnitude and phase of the sensing head impedance are continuous ly 195 

monitored by a precision impedance analyzer (Agilent 4294A) using 16048G test leads 196 

and 500 mV, 20–110 MHz excitation voltage. 197 



 198 
Figure 2. A) Schematic representation of the inductive sensor. B) Sensor signal for two scannings of the 199 

test line of an LFA. Bottom: image of the LFA where the brownish test line can be seen. 200 

The sensing planar coil can be approximated by an RL circuit whose electrical 201 

impedance depends on the frequency 𝜈  and magnetic relative permeability 𝜇𝑟  of the 202 

surrounding medium, as: 203 

 204 𝑍(𝜈, 𝜇) = 𝑅(𝜈) + 𝑖2𝜋𝜈𝐿𝜇𝑟(𝜈) (1) 
  

where the resistive part 𝑅(𝜈)  depends on the frequency due to the skin effect, and 𝐿 is the 205 

self-inductance, dependent on the geometry of the conductor and any surrounding 206 

magnetic material. In absence of any magnetic particles, the magnetic permeability can 207 

be approximated by the vacuum permeability,  𝜇𝑟  = 1. When the sensing coil is 208 

completely covered by a magnetic material with an initial susceptibility 𝜒(𝜈), the relative 209 

permeability becomes 𝜇𝑟(𝜈) = 𝜒(𝜈) + 1. In the present application, the magnetic 210 

particles do not surround the whole length of the conductor, hence, a correction factor 211 𝜓 (𝜓 < 1)  must be included to account for the volume of particles. Taking this into 212 

account, the difference in impedance measured with and without the particles can be 213 

written as: 214 

 215 Δ𝑍(𝜈, 𝜒′ ,𝜒′′ , 𝜓) = 𝜈𝐿𝜓𝜒′′(𝜈) + 𝑖𝜈𝐿𝜓𝜒′(𝜈) (2) 
  

where 𝜒′  and 𝜒′′  stand for the real and imaginary components of the magnetic init ia l 216 

susceptibility of the magnetic material (we want to highlight that due to the product of 217 

the two complex numbers, 𝑍  and 𝜒 , the real part of Δ𝑍  depends on the imaginary 218 

component of the susceptibility and vice versa.) According to this, for a fixed frequency, 219 

both the real and the imaginary parts of the impedance variation are directly proportional 220 

to the mass of the magnetic material through 𝜓. This linear dependence has been checked 221 

in previous works.26 222 

The test lines of the LFAs were scanned laterally over the sensing coil with a micro-223 

positioner, producing a peak in impedance whose width is related to the width of the line . 224 

We integrate the peak signal across the position to account for all the particles , 225 



disregarding their distribution in the test line (with this we avoid inaccuracies coming 226 

from dispensing flaws.) The signal 𝑆 provided by the sensor is then obtained in units of 227 

Ω·mm coming from the cumulative integral of the impedance (Ω) across the width 𝑤 of 228 

the test line (mm)26, 27 (see Figure 2B): 229 

 230 𝑆 = ∫ Δ𝑍𝑤
0 𝑑𝑥 (3) 

We define the resolution 𝑅 of the method as the smallest change in mass that our sensor 231 

can resolve: 232 𝑅 = 𝑚 𝜎𝑛𝑜𝑖𝑠𝑒Δ𝑍  (4) 

where Δ𝑍 = 𝑍 − 𝑍0  is the variation of the impedance with and without MNP on the 233 

sensor. The sensitivity Σ can be calculated following the use of giant magnetoimpedance 234 

and magnetoresistance sensors like: 235 Σ =  1𝑚 Δ𝑍𝑍0 100 

 

(5) 

3. Results and discussion 236 

Crossing, equations (4) and (5) with (2), we can see that both Σ and 𝑅 depend on the 237 

characteristics of the MNP that are used to label the biomolecule in the test strip (in this 238 

paper, the neutravidin.) The two variables that affect the sensitivity of the method are (i) 239 

the initial magnetic susceptibility 𝜒 and (ii) the total volume of the MNPs that we can 240 

attach to each molecule (directly proportional to 𝜓.) While the latter depends on the 241 

bioconjugation and immobilization of at the LFA, the former is an intrinsic property of 242 

the particles. For this reason, we have done a thorough investigation of the optimal 243 

characteristics for inductive detection of the unmodified MNP. 244 

We evaluated nine sample solutions with different average particle sizes ranging from 245 

5 to 23 nm with the inductive sensor. The dependence of Σ  and 𝑅  with the init ia l 246 

susceptibility 𝜒(𝜈 = 10 Hz) is plotted in Figure 3. These results have been obtained at 20 247 

MHz (although the sensitivity increases with frequency, also does the level of noise, 248 

which considerably worsens the resolution.) The linear correlation between Σ  and 𝜒 249 

applies to all the particles except one: The values for 23 nm do not follow the general 250 

trend, and both Σ and 𝑅 are worse for this sample. 251 

A likely explanation for the worse performance of the 23 nm particles is an excessive 252 

particle size. Particles with sizes below 50 nm are magnetic monodomains, whose 253 

magnetic moment lies along the easy magnetization direction determined by the 254 

crystallographic structure and the shape. Switching the magnetic moment from one 255 

direction to the opposite requires an energy that depends on the nature of the partic le 256 

through its magnetic anisotropy constant 𝐾  and volume 𝑉 : 𝐸 = 𝐾𝑉. When 𝑉  is very 257 

small, it is probable that the thermal energy 𝑘𝐵 𝑇  (where 𝑘𝐵  stands for Boltzma nn 258 

constant and 𝑇 for the temperature) enables the switching at such a high rate that, for 259 

many measurements and practical applications, the observed magnetization vanishes. 260 

This behavior is known as superparamagnetism35 and occurs above a critical volume (for 261 



a given temperature), or a transition temperature known as blocking temperature 𝑇𝐵 (for 262 

a given volume). Particles whose combination of volume and temperature leaves them 263 

out of the superparamagnetic regime are said to be blocked. Superparamagnetism 264 

significantly affects the susceptibility of the particles.36 A substantial magnetic 265 

susceptibility is essential for inductive detection. On the other hand, the operation 266 

frequency must be high (10-200 MHz) to get a measurable signal. At such frequencies it 267 

is more difficult for the magnetization to follow the exciting field than at 10 Hz. This lag 268 

provokes the reduction of the susceptibility and the appearance of an out-of-phase 269 

component (mathematically described by 𝜒′′ .) Thanks to the thermal excitation, the 270 

magnetic susceptibility of superparamagnetic particles at high frequencies remains larger 271 

than that of their ferri- or ferromagnetic counterparts. Then, we presume that the sample 272 

with average size of 23 nm contains a large proportion of particles that are blocked and 273 

worsen the inductive sensor signal. On the contrary, particles of 12-14 nm optimize the 274 

signal. To confirm this, we have studied the magnetic behavior and the init ia l 275 

susceptibility of the particles at high frequency. 276 

 277 
Figure 3. Sensitivity 𝛴 of the sensor at 20 MHz as a function of the initial magnetic susceptibility 𝜒(10 Hz) 278 

of the nanoparticles. Inset: Resolution versus 𝜒. In both graphs, the point that goes out of the general trend 279 

corresponds to the 23 nm particles , which are not superparamagnetic. 280 

3.1.  Magnetometry 281 

From here on, the discussion will focus on a selection of three particle samples, with 282 

average sizes of 8, 12, and 23 nm, named NP8, NP12, and NP23, respectively. The nature 283 

of these nanoparticles is mainly magnetite with different degrees of oxidation as a 284 

function of the particle size. The oxidation is a consequence of the transference of the 285 

particles to water by ligand exchange with DMSA, followed by infrared spectroscopy. 286 

Thus, IR spectrum confirms the presence of DMSA on the surface and shows a certain 287 

degree of oxidation, more critical for particles smaller than 10 nm (NP8) (see 288 

Supplementary Information S2.) 289 

Figure 4 shows their magnetization curves at room temperature. For NP8 and NP12, 290 

they are anhysteretic, consistent with superparamagnetic behavior, while NP23 has 291 

magnetic hysteresis (the inset in Figure 4 shows clearly the opening of the magnetiza t ion 292 

curve of NP23.) The saturation magnetization 𝑀S  was calculated by fitting the 293 



experimental data of Figure 4 to the law of approach to saturation.37 The results for the 294 

three types of particles, given in Table 1, are close to that of bulk magnetite (𝑀S= 98 295 

A·m2/kg).38 296 

-6 -4 -2 0 2 4 6
-100

-50

0

50

100

M
ag

ne
ti

za
ti

on
 (

A
·m

2 /k
g)

µ
0
H (T)

 NP8
 NP12
 NP23

 297 
Figure 4. Hysteresis loops of the three samples NP8 (black), NP12 (red) and NP23 (blue) at room 298 

temperature from 5 to -5 T. Inset: Central area detail of the magnetization curves. 299 

 300 

To assess the superparamagnetic behavior of the particles, we recorded the ZFC-FC 301 

curves, shown in Figure 5A, in an applied magnetic field of 5 mT. For NP8 and NP12, 302 

the ZFC curve shows a maximum below 200 K, confirming that, at room temperature, in 303 

these solutions, most particles are in the superparamagnetic regime. On the contrary, for 304 

NP23, the slope of the ZFC curve is positive even at 350 K. We obtained the blocking 305 

temperature 𝑇B  at which the particles transit from blocked to the superparamagnetic 306 

regime from the distribution of 𝑇𝐵 obtained as the temperature derivative of the difference 307 𝑀ZFC − 𝑀FC   of both curves39 (see Figure 5B.) 𝑇𝐵  was calculated as the peak of the 308 

normal-curve fit. For monodisperse populations with homogeneous magnetic anisotropy, 309 

the two curves should coincide above 𝑇B; their separation, quantified by the difference 310 

between the temperature of the maximum 𝑇max and the temperature at which both curves 311 

merge 𝑇irr, is related to the width of the blocking temperature distribution, and hence, a 312 

measure of the particle size distribution.40 The effective anisotropy constant (𝐾eff) can be 313 

then estimated as 𝐾eff = 25𝑘B 𝑇B /𝑉 𝑘𝐵 being the Boltzmann constant and 𝑉 the average 314 

volume of the particles .41 The values obtained, shown in Table 1, are on the order of 315 

magnitude of published data for magnetite nanoparticles.42 The largest anisotropy 316 

corresponds to the smallest particles with an extra anisotropy source coming from the 317 

surface and the smallest value for the largest particles and very close to the 318 

magnetocrystalline anisotropy for bulk magnetite (1.1 × 104 J/m3). 319 



 320 

Figure 5. A) ZFC-FC curves for particles NP8 (black), NP12 (red) and NP23 (blue), obtained under a 321 

magnetic field of 5 mT. 𝑇max  (yellow star) and 𝑇irr  (green star) are indicated for the three samples; B) 322 

Distribution of blocking temperatures; Inset: Calculated magnetic susceptibility as a function of the size. 323 

The legend is common to both graphs. 324 

 325 

3.2. Initial Magnetic Susceptibility 326 

To estimate the size that would maximize the initial magnetic susceptibility, we may 327 

use Néel’s model. The susceptibility of an ensemble of MNPs with randomly oriented 328 

easy axes can be calculated at temperature 𝑇 according to equation (2) in ref. 36 for null 329 

frequency,  330 

 331 𝜒( 𝑇) = ∫ 23 𝜇0 𝜌2𝑀𝑆2𝐾eff (𝐾eff𝑉𝑘𝐵𝑇 + 1)  L(𝐷,𝐷0, 𝜎)𝑑𝐷∞
0  

 

(6) 

in which we have included the log-normal distribution function L(𝐷, 𝐷0,𝜎) to account 332 

for the polydispersion of the particles size 𝐷. 𝐷0 is the mean size, and 𝜎 is the standard 333 

deviation of the logarithm (see size analysis in the supplementary information file). We 334 

have used the parameters typical of magnetite particles (density 𝜌 = 5170 kg/m³, 𝐾eff =335 5 × 104 J/m3 and 𝑀𝑆 = 80 Am2/kg), 𝜎 = 0.01, and 𝑇 = 300 K. The curve, plotted in the 336 

inset of Figure 5B, presents a maximum at 𝐷0 = 12 nm. The AC susceptibility 337 

measurements confirm this prediction, as shown in Table 1. 338 

 339 

Table 1. Saturation magnetization 𝑀S, blocking temperature 𝑇B, maximum temperature 𝑇max, effective 340 

anisotropy constant 𝐾eff, and real and imaginary components of the initial susceptibility  (dimensionless), 341 

χ' and χ'', respectively. 342 

Particle 

Sample  
𝑴𝑺 

(A·m2/kg Fe3O4) 

𝑻𝑩 

(K) 

𝑻𝒎𝒂𝒙 

(K) 

𝑻𝒊𝒓𝒓 

(K) 

𝑲𝒆𝒇𝒇 

(J/m3) 

𝝌′ 
 

𝝌′′ 
 

NP8 79 87.1 182.6 128.6 8.8·104 12.85 0.15 

NP12 75 101.3 186.8 178.5 3.8·104 18.48 0.01 

NP23 83 224.9 >350 342.8 1.2·104 8.03 0.87 
 343 



Due to the inductive character of the magnetic sensor, the signal grows with the 344 

excitation frequency (∆𝑍 ∝ 𝜈, see equation (2)). Then, higher frequencies would, in 345 

principle, benefit the detection of the MNPs. This idea makes it interesting to analyze the 346 

behavior of the susceptibility in the sensor working frequency range (10-200 MHz). To 347 

account for the influence of the frequency 𝜈, equation (6) can be modified as follows: 348 

 349 𝜒(𝜈, 𝑇) = ∫ 23 𝜇0𝜌2𝑀𝑆2𝐾eff ( 𝐾eff𝑉 (𝑘𝐵𝑇)⁄1 + 𝑖2𝜋𝜈 exp(𝐾eff𝑉 𝑘𝐵  𝑇⁄ ) + 1)  L(𝐷, 𝐷0, 𝜎)𝑑𝐷∞
0  (7) 

 350 

The solution of equation (7) was numerically computed for the three types of particles 351 

by a trapezoidal method, using the size parameters given from the TEM histograms (see 352 

supplementary information S1), and 𝑀S and 𝐾eff from DC magnetization measurements 353 

(Table 1). The results are shown in Figure 6, where the dashed vertical lines delimit the 354 

working frequency range of the inductive sensor. In this scope, NP12 presents the highest 355 

and NP23 the lowest susceptibility values. 356 

 357 
Figure 6. Computed frequency evolution of the initial susceptibility for samples NP8 (black), NP12 (red) 358 

and NP23 (blue). 359 

 360 

These calculations can be used to explain the sensor signal from the various particles. As 361 

we can see from equations (2) and (3), the signal 𝑆 is proportional to the susceptibil ity 362 

with a multiplying factor that includes the MNPs mass (through 𝜓) and 𝜈, so plotting 363 𝑆/(𝑚𝜈) (Figure 7) versus 𝜈 should give the same type of curves as the simulations of 364 

Figure 6 (we must recall that the real part of 𝑆 is proportional to 𝜒′ and the real part of 𝑆 365 

to 𝜒′′.) We can observe effectively the similarities of the curves in the range of common 366 

frequencies (20-110 MHz): (i) The real part of the signal, which is related to 𝜒′′, is much 367 

smaller than the imaginary component and barely changes (oscillations are attributable to 368 

noise;) (ii) The imaginary part of the signal decreases with the frequency, NP12 showing 369 

the largest and NP23 the smallest values. This allows us to confirm that, on equal terms 370 

of composition, mass, and coating, the initial susceptibility is a decisive parameter for 371 

detection. Given that the maximum susceptibility is achieved for the critical volume for 372 



superparamagnetism, this seems to be also optimal for inductive detection. 373 

 374 
 375 

Figure 7. Real (A) and imaginary (B) components of the sensor signal divided by the measuring frequency 376 
corresponding to samples NP8 (black), NP12 (red) and NP23 (blue). The units of the vertical axes are 377 

Ω·mm/(mg·MHz). The dashed lines are a guide to the eye. 378 

3.3. Nanoparticles as Labels 379 

It is important to note that in the previous sections the particles were studied before 380 

biofunctionalization. This process is essential to capture the bioreceptor conjugated with 381 

its magnetic label at the test line. The superficial modification of this step involves 382 

activation of the carboxylic groups of the DMSA outer layer, which can imply some 383 

agglomeration of the particles. This, in turn, affects the number of particles that attach to 384 

each protein and, in consequence, the signal of the magnetic LFA through parameter 𝜓 385 

in (2). 386 

To study this effect in the nitrocellulose strips, we tested NP8, NP12, and NP23 after 387 

functionalization. For comparison, all the processes have also been performed on NP12 388 

after six months of settling (named sample NP12A.) 389 

To analyze the agglomeration of particles caused by the biofunctionalization or other 390 

reasons, we measured their size by TEM and compared it to the DLS results. Table 2 391 

displays the hydrodynamic size before (𝐷𝐷𝐿𝑆𝐵𝐵 )  and after (𝐷𝐷𝐿𝑆𝐴𝐵  ) biofunctionalizat ion 392 

with their corresponding polydispersity index PDI (this dimensionless parameter is used 393 

in DLS to describe the width of the size distribution; values smaller than 0.05 are 394 

associated with highly monodisperse standards, while values above 0.7 correspond to 395 

broad size distributions,) and the mean TEM diameter 𝐷0. For NP12 and NP23 the 396 

difference between 𝐷0  and 𝐷𝐷𝐿𝑆𝐵𝐵  is only 10-15 %, typical for the diffuse layer and 397 

surfactant around the particles.43 It indicates that these are stable suspensions of single 398 

particles. On the other hand, for NP8 and NP12A, the difference is substantial, evidencing 399 

aggregation. After the biofunctionalization, the size of NP8 and NP12 remains almost 400 

(B (A 



constant. Its small increase is due to the protein, whose size is around 5 nm.44 On the 401 

contrary, the size increase produced by the addition of neutravidin in NP23 and NP12A 402 

is much larger, indicating the post-functionalization agglomeration of the particles. 403 

We conclude that there are three ways of agglomeration (schematized in Figure 8): (i) 404 

The smallest particles, NP8, aggregate in the process of transferring them to water by 405 

DMSA coating; (ii) The intermediate-sized particles, NP12, agglomerate only after long 406 

storage, as in NP12A; (iii) The largest particles, NP23, aggregate after neutravid in 407 

attachment. This could be caused by cross-linking effects due to the activation of the –408 

NH2 groups of the neutravidin. For the bioconjugation, we used a fixed neutravid in 409 

concentration per particle volume. Given that the surface area per unit volume is smaller 410 

in the larger particles, the amount of neutravidin per surface area is more significant, and 411 

could result in interparticle bridging through their –COOH groups. 412 

 413 

Table 2. Mean particle diameter by TEM 𝐷0 and its standard deviation σ; hydrodynamic diameter before 414 

biofunctionalization 𝐷𝐷𝐿𝑆𝐵𝐵  and after biofunctionalization 𝐷𝐷𝐿𝑆𝐴𝐵 , and their corresponding PDI values. 415 

 416 

Particle 
Sample 

𝑫𝟎 

(nm) 
𝝈 
(nm) 

𝑫𝑫𝑳𝑺𝑩𝑩
 

(nm) 

PDI 𝑫𝑫𝑳𝑺𝑨𝑩  

(nm)  

PDI 

NP8 7.6 0.15 94 0.36 106 0.20 

NP12 
11.6 0.08 

22 0.20 34 0.26 

NP12A 134 0.39 260 0.28 

NP23 22.6 0.11 44 0.35 100 0.33 
 417 

 418 
Figure 8. Schematic representation of the MNPs agglomeration (A) before and (B) after the 419 

functionalization with neutravidin, and (C) immobilized on the strip. 420 

 421 

Figure 9 shows the magnetic sensor signal of the LFA run with different nanotags. In 422 

it, we observe that, despite NP12 having the largest magnetic susceptibility, the 423 

performance in the LFA is better for NP8 and NP23. Finally, NP12A has the best signal 424 

at all frequencies. The explanation may be agglomeration effects, as mentioned above. 425 

The number of nanotags per protein is minimum for NP12, while we will have a situation 426 



with few particles in the case of NP12A and NP23 and many more for NP8. As the number 427 

of anchoring biotin units immobilized in the test line is the same for the four cases, the 428 

signal would necessarily be smaller for NP12 than NP8 and NP23. 429 

On the other hand, for the same cluster size, the mass of NP23 is larger, and this 430 

balances the smaller signal per unit mass. As a result, the signals recorded for NP23 are 431 

as large as those for NP8. Finally, NP12A encompasses both advantages, the highest 432 

magnetic susceptibility plus agglomeration, yielding the best signal at all frequencies. 433 

 434 
Figure 9. Magnetic signal obtained in the sensor at different frequencies for LFA with the three series of 435 

particles. The error bars show the standard deviation. The dashed lines serve as a guide to the eye. 436 

 437 

Thus, particle clustering is crucial to enhance the performance of the magnetic LFA and 438 

can have an even greater influence than MNP permeability and saturation magnetizat ion. 439 

As long as the aggregates are small enough to flow through the membrane pores, some 440 

agglomeration is beneficial for the detection of the MNPs.18 As a consequence, further 441 

development should include the controlled agglomeration or encapsulation of 12 nm sized 442 

nanoparticles, which will optimize simultaneously 𝜓 and 𝜒 in equation (2). 443 

To evaluate the practical implications of these results, we have also performed 444 

neutravidin-biotin LFA with nanoparticles that had been used in other biological assays 445 

(Figure 9 shows these results.) Specifically, NP7 was used for histamine levels 446 

determination in red wine by LFA, achieving results that agreed with the much more 447 

complex high-performance liquid chromatography.20 Such sample consisted of 7 nm iron 448 

oxide MNPs forming clusters of 90 nm. We can see in Figure 9 that MNPs with a size of 449 

12 nm and clustering of 200 nm, like NP12A, promise to improve histamine detection by 450 

LFA. We also show the results for NP10, a commercial sample of 10 nm-sized iron oxide 451 

MNPs, which formed agglomerates of 75 nm after bioconjugation. Such particles were 452 

used for prostate-specific antigen quantification (the neutravidin-MNP complexes were 453 

conjugated to a biotinylated antibody) in the range of clinical interest and the 454 

measurement achieving sensitivity limits of detection comparable to ELISA and a 455 



resolution of 50 pg of PSA.27 For NP12A, the resolution in MNPs detection is the same 456 

as that of NP10, 𝑅 = 0.58 µg (Figure 3); but, taking into account the cluster size of 260 457 

nm (Table 2), a density equal to the 64 % that of magnetite (accounting for a dense packed 458 

agglomeration of spheres), and assuming a binding of one PSA molecule per cluster, the 459 

estimated resolution for PSA measurements could be improved to 1 pg. 460 

 461 

4. Conclusions 462 

Lateral flow assays for the detection of clinical and environmental analytes have 463 

significant advantages compared to more sophisticated techniques in terms of speed, cost, 464 

and portability. To further extend their use, we aimed to improve their sensitivity with 465 

magnetic materials and detection. For this study, we incorporated magnetic iron oxide 466 

particles as tags that can be quantified by an inductive sensor. We analyzed the influence 467 

of particle size and agglomeration on the LFA magnetic readings. 468 

Superparamagnetism of the particles is crucial for high initial permeability at the 469 

working frequencies. However, larger particles increase both the magnetic permeability 470 

and the saturation magnetization. As a consequence, the optimal size for LFA is the 471 

critical threshold for superparamagnetism. For iron oxide, this is about 12 nm. Once this 472 

is optimized, the agglomeration of the particles before running the LFA has an enormous 473 

positive influence on the inductive measurement because it increases the magnetic 474 

moment captured at the test line. The larger the magnetic moment per biomolecule (in 475 

this case, per biotin), the larger the sensitivity of the assay. Nevertheless, this cannot be 476 

achieved by increasing the particle size, because that would eliminate the 477 

superparamagnetic behavior. The way to achieve this is to agglomerate particles with the 478 

adequate critical superparamagnetic size. Then, we conclude that 12 nm particles 479 

agglomerated in clusters of 200 to 300 nm give the best results in inductively-read 480 

magnetic LFA. 481 
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