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The recent COVID19 pandemic has remarkably boosted the research on in vitro diagnosis assays to
detect biomarkers in biological fluids. Specificity and sensitivity are mandatory for diagnostic kits aiming
to reach clinical stages. Whilst the modulation of sensitivity can significantly improve the detection of bio-
markers in liquids, this has been scarcely explored. Here, we report on the proof of concept and parame-
trization of a novel biosensing methodology based on the changes of AC magnetic hysteresis areas
observed for magnetic nanoparticles following biomolecular recognition in liquids. Several parameters are
shown to significantly modulate the transducing capacity of magnetic nanoparticles to detect analytes
dispersed in saline buffer at concentrations of clinical relevance. Magnetic nanoparticles were bio-conju-
gated with an engineered recognition peptide as a receptor. Analytes are engineered tetratricopeptide
binding domains fused to the fluorescent protein whose dimerization state allows mono- or divalent var-
iants. Our results unveil that the number of receptors per particle, analyte valency and concentration,
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nanoparticle composition and concentration, and field conditions play a key role in the formation of
assemblies driven by biomolecular recognition. Consequently, all these parameters modulate the nano-
particle transduction capacity. Our study provides essential insights into the potential of AC magneto-
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Introduction

The COVID19 pandemic has triggered the research on nano-
technology' to achieve user-friendly, quick, and accurate
in vitro diagnosis assays for the detection of analytes (i.e., bio-
markers, antigens, or pathogens) linked to physiological or
pathogenic states.” Specificity and sensitivity are mandatory
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metry for customizing biomarker detection in liquids.

features to be accomplished by in vitro diagnostic tests aiming
to reach clinical use.> While specificity is exclusively linked to
biological elements denominated receptors, which are
involved in the biomolecular recognition of analytes, sensi-
tivity is associated with the receptor-analyte affinity and the
transduction element employed to label the receptor-analyte
recognition. Generally, the capacity to modulate the detection
sensitivity on current sensing methodologies is rather limited,
and generally associated with the signal/noise ratio of physical
measurements displayed by a transducer. Interestingly, trans-
duction methodologies capable of supplying multiparametric
sensitivity gain in versatility for adequate biomarker detection
in liquids under experimental circumstances (i.e., biomarker
concentration). Recent progress in nanoscience and nano-
technology offers novel transducing potential, such as
photoelectrochemical,>® optical,””® colorimetric,”** photother-
mal,* or magnetic'*'* signal-based methods. Indeed, nano-
scale transducers have attracted great attention thanks to their
ability to detect biomarkers in biological fluids at concen-
trations of clinical relevance.">'® In general, the physical fun-
damentals of nanoparticle transduction benefits from its final
colloidal state. While the number of reported methodologies”®
involving individual nanoparticles to display analyte reco-

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/nanoscale
http://orcid.org/0009-0001-9794-8396
http://orcid.org/0000-0001-7912-9939
http://orcid.org/0000-0001-6032-3248
http://orcid.org/0000-0001-6637-2091
http://orcid.org/0000-0001-5518-1134
http://orcid.org/0000-0002-5331-114X
http://orcid.org/0000-0002-2466-6208
https://doi.org/10.1039/d3nr06489a
https://doi.org/10.1039/d3nr06489a
https://doi.org/10.1039/d3nr06489a
http://crossmark.crossref.org/dialog/?doi=10.1039/d3nr06489a&domain=pdf&date_stamp=2024-02-20
https://doi.org/10.1039/d3nr06489a
https://pubs.rsc.org/en/journals/journal/NR
https://pubs.rsc.org/en/journals/journal/NR?issueid=NR016008

Published on 05 1402. Downloaded on 13/11/1404 02:40:15 ..

Nanoscale

gnition phenomena is limited, many others take advantage of
nanoparticle aggregation.>'%'>1722 More research is needed
on detection methodologies based on nanoparticles, whose
sensitivity can be tuned by multiple parameters. This is the
case for magnetic nanoparticles (MNPs),*® which have shown
great potential as sensing transducers.'*** Different experi-
mental techniques®>****?° such as magnetoresistance, AC
magnetic susceptometry, magnetic particle spectroscopy, or
relaxivity display changes of MNP magnetic properties after
specific interactions with analytes. Such magnetic changes are
understood in terms of alterations of the MNP magnetic relax-
ation processes upon biomolecular  recognition.*%?!
Biosensing methodologies are generally required to avoid
signal attenuation when operating in biological fluids.** This
is the case for optical or colorimetric methods, which regularly
requires sample purification procedures and operates in
limited spectral ranges®*** to not interfere with the displayed
optical signal (i.e. emission, reflection, and absorption). In
contrast, magnetic methods have the potential to detect and
quantify biomolecules directly in biological samples®® without
requiring further purification procedures. This simplification
of sample processing represents a remarkable advantage
relying on the magnetic field penetration®® in biological fluids,
which, due to their diamagnetic nature, weakly interact with
magnetic fields. Indeed, many reported examples>"?*>>72%37
of magnetic sensing methodologies found effective transduc-
tion when nanoparticles agglomerate due to cross-linking
between multiple bio-conjugated MNPs (b-MNPs) and target
molecules. Such MNP and analyte agglomerates result in
nano-clusters with hydrodynamic sizes (Dy) larger than those
of individual MNPs.*>?>?%%8 guch MNP clustering leads to an
increase of Dy*® and intra-aggregate dipolar magnetic
interactions,***° which strongly influence the dynamic magne-
tization cycles. Alternatively, AC magnetometry (ACM) is a ver-
satile and accurate technique employed for characterizing the
influence of distinct intrinsic®® and extrinsic*'™*® parameters
on dynamic magnetization and magnetic losses of MNPs dis-
persed in liquid media or inside cells.*> Recent works®® have
shown the potential of this technique to directly probe MNP
aggregation effects resulting from unspecific interactions
between proteins and MNPs. Interestingly, ACM takes advan-
tage of short acquisition times (few seconds) and reduced
sample volumes (tens of microlitres) to adequately probe bio-
molecular recognition dynamics while operating in a wide
range of field conditions."® Moreover, ACM requires simple
operational procedures and minimal sample preparation for
probing the presence of biomarkers in biological fluids.*
Here, we report on the proof of concept and parametriza-
tion of a novel biosensing methodology based on variations of
AC magnetic hysteresis areas measured in b-MNPs upon bio-
molecular recognition in liquids. We assessed the role of
various parameters in modulating the changes of colloidal and
AC magnetization properties of the resulting b-MNP assem-
blies. Namely, MNP and analyte concentrations, the number of
receptors per MNP, and the analyte valency. Moreover, we eval-
uated how the nature of MNP magnetic relaxation mechanisms
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is extremely relevant to transduce biomolecular recognition
between receptors and analytes. In addition, the biomolecular
recognition in liquids triggers distinct assembly phenomena,
resulting in nano-assemblies or nano-clusters depending on
the analyte valency. Overall, the above-mentioned parameters
strongly influence the colloidal and AC magnetic properties,
which modulate the analyte detection sensitivity and allow its
customization. Part of our experimental findings were sup-
ported by numerical simulations to describe the AC magnetiza-
tion cycles of individual b-MNPs specifically interacting with
multiple analytes and forming nano-assemblies.

Results and discussion
Experimental design of the proposed detection methodology

We employed magnetite and cobalt ferrite MNPs to bio-conju-
gate an engineered protein that acts as a specific receptor for
the analyte (see Fig. 1). The receptor is a designed peptide
fused with a final MEEVF sequence to the glutathione
S-transferase (GST) protein, resulting in GST-MEEVF (see the
Experimental section/Methods).*® Table 1 lists the MNPs
employed in this work for trapping mono- or divalent analytes.
MNPs were conjugated to display the same average number of
receptors on the MNP surface (around 20 receptors per
b-MNP). According to the transmission electron microscopy
(TEM) and dynamic light scattering (DLS) data, b-MNPs are
found to be individually dispersed in 0.1x phosphate buffer
(PB), where analytes preserve their structure and recognition
capability. In order to study the effects of valency effects, we
have chosen analyte monomeric or dimeric Verde fluorescent
protein (VFP) variants fused to the peptide-binding tetratrico-
peptide (TPR) domain (TPR2-MMY, which specifically interacts
with the MEEVF peptide).*” Protein engineering allows the
generation of mono- (VFP.onomerTPR2-MMY) or divalent
(VFP4imer TPR2-MMY) TPR recognition molecules acting as
analytes to specifically interact with the bio-conjugated
GST-MEEVF receptor. After incubation of monomeric or
dimeric VFP variants with b-MNPs in 0.1x PB (see
Experimental section/Methods), biomolecular recognition
results in different assemblies (see Fig. 1). For monomer VFPs,
nano-assemblies are formed between individual b-MNPs sur-
rounded by multiple analytes specifically bound to the conju-
gated receptors. The analytes bound to b-MNP lead to surface
modifications that strongly influence its translational
diffusion. In the case of dimer VFPs, nano-clusters are formed
after crosslinking between multiple b-MNPs and analytes,
resulting in agglomerates whose Dy are larger than those of
individual b-MNPs. The resulting b-MNP and analyte assembly
formation leads to an increase of magnetic dipolar inter-
actions, Dy and MNP diffusion values, which strongly influ-
ence the magnetic relaxation process.*>**° Consequently,
changes of AC magnetization cycles upon biomolecular reco-
gnition are expected to provide clear fingerprints of analyte
detection in liquids (see Fig. 1). Such transduction signal
reflected in AC magnetization changes has been probed by
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Fig. 1 Schematic representation of the detection method based on the variations of the AC magnetic hysteresis area in the absence (Ag) and pres-
ence (A) of VFP analyte variants. Individual (nano-assembly) or cross-linked (nano-cluster) assemblies are formed after biomolecular recognition
between (GST-MEEVF) conjugated receptors and VFPonomer OF VFPgimer ~-TPR2-MMY variants. Incubation conditions: at given b-MNP and analyte
concentrations dispersed in 0.1x PB for 1 hour at 25 °C in the absence of an external magnetic field.

Table 1 Summary of structural, and colloidal parameters of the stu

died MNPs when dispersed in DDW

TEM size Dy intensity Dy number Dy; volume £ potential
MNP Composition Shape (nm) Coating (nm) (nm) (nm) PDI (mvV)
IONFs Fe;0, Nanoflower 30 +4 Dextran- 65+ 0.5 40+ 2 53+1.5 0.12 -5
PEG
IONPs Fe;0, Polyhedron 16 +4 DMSA 93+04 21+3.1 118 £ 0.4 0.19 -38
CoFeNFs Cog;Fe, 0, Nanoflower 32+5 Dextran 52+ 0.6 41 + 0.6 48 + 0.6 0.08 -8
CoFeNCs Co,,Fe, 0, Cubic 20+3 PMAO 69 + 26 37 +11 49+0.2 0.12 -45

ACM under alternating magnetic fields whose field frequency
ranges from 10 to 300 kHz and intensities up to 24 kA m

Effect of MNP magnetic relaxation mechanisms on the b-MNP

~'.  transducing capacity for monovalent analyte detection

Recent works®® have shown the relevance of field conditions

(i.e., field frequency and intensity value) to define a measure-
ment time (7y) in order to probe the dynamic magnetization
loops. Indeed, we took advantage of selecting field conditions
to optimize the observation of alterations of magnetic relax-
ation times following b-MNP nano-assembly or nano-cluster
formation. These alterations are reflected in AC magnetization
loops, and therefore the AC magnetic hysteresis area (4) is an
adequate parameter to monitor the variations of dynamic mag-
netization loops in biomolecular recognition (see Fig.

Moreover, the normalization of the A value obtained in

presence of a given analyte concentration by the magnetic area
value in the absence of analytes (4,) offers an adequate para-
meter (A/A,) to track the b-MNP transducing capacity under

the experimental conditions studied in this work. In

manner, we studied the influence of different parameters on
the transducing sensitivity of the proposed methodology, as

shown in the next section.

4084 | Nanoscale, 2024, 16, 4082-4094

To unveil the effect of the relaxation mechanisms on the
b-MNP transducing capacity for detecting monovalent ana-
Iytes, we employed bio-conjugated iron oxide (b-IONF) and
cobalt ferrite (b-CoFeNF) nanoflowers. We also unveiled the
prevalence of Néel or Brownian relaxation mechanisms in
IONFs and CoFeNFs by looking at viscosity effects on AC mag-
netization cycles (see Fig. S17). Afterwards, we performed DLS
and ACM measurements to monitor the variations of Dy and
1). A/A, in the presence of monovalent analytes. As shown in
the Fig. 2a, no significant variations of AC magnetization cycles
were observed for b-IONF formulations on increasing the
monovalent analyte concentration up to 4 pM. In contrast,
Fig. 2b depicts remarkable variations of AC magnetization
this cycles (shape and values) for b-CoFeNF formulation in the
same analyte concentration range. Then, a progressive
reduction of the normalized magnetic area (4/4,) is observed
up to 30% at the highest analyte concentration (4 pM) for

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 AC hysteresis loops of b-IONFs (left) and b-CoFeNFs (right) after
incubation with mono- and divalent analytes at different concentrations.
AC magnetization measurements were performed under AC field
conditions: (a and ¢) 100 kHz and 24 kA m™; (b and d) 30 kHz and
24 kA m™L. Incubation conditions: b-MNPs (1 gee o Fe+co Per L) dispersed
in 0.1x PB for 1 h at 25 °C.

CoFeNFs. The origin of the distinct AC magnetization behav-
iour observed for IONFs and CoFeNFs after monovalent
analyte recognition seems to be related to the distinct nature
of their dominant magnetic relaxation process. On the one
hand, the prevalence of the Brownian process for CoFeNFs
allows the transduction of the monovalent recognition down
to 50 nM, while b-IONFs (for which Néel relaxation prevails)
do not transduce even at the highest analyte concentration. On
the other hand, different MNP sizes, shapes and compositions
just define the extent of the variation of AC hysteresis loops
after biomolecular recognition (see Fig. S21 for IONPs and
CoFeNCs). It is worth noting that the lowest analyte concen-
tration (50 nM monomer VFP variant) detected by this mag-
netic method corresponds to the concentration values of clini-
cal relevance."'®

Besides, Fig. 3c and d show that intensity-weighted Dy
values are maintained at around 65 + 0.5 nm with a polydisper-
sity index (PDI) smaller than 0.2 on increasing the monovalent
analyte concentration for b-CoFeNFs and b-IONFs (see the
blue dots in Fig. 3). Indeed, the nano-assembling phenomena
mediated by monovalent biomolecular recognition keeps indi-
vidually dispersed b-MNPs after incubation. Only CoFeNFs
show some agglomeration at analyte concentrations higher
than 2 pM due to some unspecific interactions mediated by
magnetic interactions due to their MNP blocked magnetic
state®” (see Fig. S37). Interestingly, the translational diffusion
coefficient varies depending on the MNP surface (i.e. the bare,
bio-conjugated receptor or analyte bound to the receptor). As
shown in Table S1,T both IONF and CoFeNF nanoflowers show
a 12% progressive decrease of the translational diffusion
coefficient values upon conjugation and monovalent analyte
recognition: from 10.3 + 0.1/8.9 + 0.5 x 10° nm? ps™" for bare
CoFeNFs/IONFs down to 9.1 + 0.2/7.7 + 0.4 x 10° nm? ps™" for

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Analyte concentration dependence of the normalised AC mag-
netic area (A/Ao) extracted from the AC hysteresis loops of (a) b-IONF
suspensions at 100 kHz and 24 kA m™* and (b) b-CoFeNF suspensions at
30 kHz and 24 kA m™. Analyte concentration dependence of Dy, values
obtained for: (c) b-IONF suspensions and (d) b-CoFeNF suspensions.
Analyte concentration dependence of PDI values obtained for: (e)
b-IONF suspensions and (f) b-CoFeNF suspensions. Incubation con-
ditions: b-MNPs (1 gre or Fe+co P€r L) dispersed in 0.1x PB for 1 h at 25 °C
with increasing analyte mono- (blue colour) or di-valent (green colour)
concentrations. Star symbols indicate the sedimentation of magnetic
suspensions prior to magnetization measurements.

b-CoFeNFs/b-IONFs in the presence of 2 pM monovalent
analyte, respectively. However, the variation of the diffusion
coefficient is only reflected in the AC magnetization cycles
measured for b-CoFeNFs due to the prevalence of Brownian
relaxation mechanism. To confirm such an assumption, we
performed numerical simulation of AC hysteresis loops by
using the stochastic Landau-Lifshitz-Gilbert equation and the
Brownian dynamics algorithm. AC hysteresis loops of IONFs
and CoFeNFs were simulated when distinct magnetic relax-
ation processes prevail. As shown in Fig. 4, an outstanding
agreement between experiments and numerical predictions is
observed. Since b-MNPs remain individually dispersed in PB
after biomolecular recognition, numerical simulations succeed
to accurately describe the experimental observations just by
considering the MNP dominant magnetic relaxation process
and some experimental parameter values (see Tables S2 and
S37) including MNP diffusion coefficients. Our findings under-
line the relevance of the MNP magnetic relaxation mechanism
for displaying the detection of monovalent analytes via AC
magnetometry.

Effect of analyte multivalency on the transducing capacity of
b-MNPs for analyte detection

To assess the effect of analyte multivalency on the transducing
capacity of b-MNPs, we again employed b-IONF and b-CoFeNF

Nanoscale, 2024, 16, 4082-4094 | 4085
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Fig. 4 Experimental (solid lines) and simulated (dashed lines) AC hyster-
esis loops for: (left) IONFs (black line) and b-IONFs in the absence (red
line) and presence (blue line) of monovalent analytes at 100 kHz and 24
kA m™%; (right) CoFeNFs (red line) and b-CoFeNFs in the absence (black
line) and presence (blue line) of monovalent analytes at 40 kHz and 24
kA m~. Incubation conditions: b-MNPs (1 JFe or Fe+Co Per L) and 2 yM
monovalent analytes dispersed in 0.1x PB for 1 h at 25 °C.

formulations incubated under the standard conditions (1 gge
or Ferco per L of b-MNPs dispersed in 0.1x PB for 1 hour at
25 °C) with the divalent analyte variant in a concentration
range from 0 to 4 pM. The biomolecular recognition of diva-
lent analytes is expected to cross-link multiple b-MNPs and
analytes, resulting in nano-clusters with larger Dy than those
of individual b-MNPs. In contrast to the monovalent case, vari-
ations of AC hysteresis loops are now observed for all b-MNPs
after biomolecular recognition (see Fig. 2c¢ and d). Indeed,
Fig. 3 shows the increase of the intensity-weighted Dy values
for b-CoFeNFs and b-IONFs on increasing the divalent analyte
concentration. The Dy increase is highly correlated to the PDI,
which reflects the strong variability of nano-cluster formation
(see Table S47), as recently predicted.*® This clustering is com-
monly observed for all b-MNPs regardless of their size, mor-
phology, or coating (see Fig. S47 for b-IONP and b-FeCoNCs).
However, the extent of changes in AC magnetization loops
strongly depends on the b-MNP morphology and composition
being more pronounced for b-CoFeNFs. Thus, divalent analyte
contents down to 50 nM (i.e., 2 mg of protein per liter) are
detectable under standard b-MNP formulation and incubation
conditions (i.e. 20 receptors per b-MNP and 1 Zge o pe+co PEr
L). At high analyte contents, A/A, values reduce up to 25 (40)%
for b-IONFs and up to 60 (80)% for b-CoFeNFs (see the green
dots in Fig. 3a and b) in the presence of 2 (4) uM divalent
analyte. Such strong differences in the AC magnetic hysteresis
area are understood in terms of Dy values and intra-cluster
magnetic dipolar interactions.”®> Both parameters strongly
influence Brownian and Néel magnetic relaxation processes,
respectively. The linear correlation® between the Brownian
relaxation time and the hydrodynamic volume renders
CoFeNFs more sensitive to clustering effects than IONFs. On
the other hand, the changes of the Néel relaxation time are
due to the alteration of effective anisotropy via magnetic
dipolar interactions, which tightly depend on the number of

4086 | Nanoscale, 2024, 16, 4082-4094
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MNPs and their spatial distribution into the nano-
clusters.*®%>* Therefore, our observation underlines the rele-
vance of nano-cluster formation to detect divalent analytes by
AC magnetometry regardless of the magnetic relaxation
process.

Effect of b-IONF concentration on the transducing capacity for
analyte detection

To assess the effect of the MNP concentration on the transdu-
cing capacity of b-MNPs, we studied the colloidal and dynamic
magnetization of b-IONFs incubated under the standard con-
ditions on increasing the b-IONF concentration values above
the AC magnetometer sensitivity (~0.3 x 10~ Am?®) from 0.5 up
to 2 gre per L at a constant divalent analyte concentration of
0.75 puM. Qualitatively, it is intuitive that the MNP concen-
tration would tightly influence cluster formation mediated by
cross-linking between multiple b-IONFs and divalent analytes.
Crosslinking phenomena tightly depend on the number of
receptors per b-MNP, molecular recognition affinity, and
analyte and b-MNP concentrations. Recent computational
studies®® correlate these key parameters with nano-cluster for-
mation in terms of their size and fractal MNP spatial distri-
bution at the limit of high receptor-analyte affinity. Fig. 5
depicts the Dy, PDI and normalized AC magnetic hysteresis
area (A/A,) extracted from the AC hysteresis loops measured at

——
b-IONFs ]
Blo

€ [ PDI |

C -

= [ Hos
O 5ol :

ob— S BB L B oo
0.0 0.5 1.0 1.5 2.0
[IONF(g, /L)

100 ——

T

1.0

Idd

Fig. 5 b-IONF concentration dependence of the normalised AC mag-
netic area (A/Ao) and Dy and PDI values. Incubation conditions: 0.75 pM
divalent analyte concentration and increasing IONF concentrations from
0.5 up to 2 gr. per L dispersed in 0.1x PB for 1 h at 25 °C. AC hysteresis

loops were measured at 100 kHz and 24 kA m™.
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100 kHz and 24 kA m™" on increasing the iron concentration.
At a first glance, we observed a strong reduction of Dy values
from 110 down to 65 nm on increasing the MNP concentration
4-fold, while the PDI significantly decreases from 0.3 down to
0.14. In fact, AFM experiments reveal large variability in the
spatial distribution of b-IONF into nano-clusters (see Fig. S57).
Low MNP concentrations result in high Dy and PDI values at
the studied analyte concentration (0.75 pM). Such behavior
can be understood in terms of the increase of receptor avail-
ability to specifically interact with divalent analytes when
increasing the b-IONF content. In other words, the probability
of sharing divalent analytes among b-IONFs decreases on
increasing the number of bio-conjugated nanoparticles. This
is because the number of available receptors increases, and
consequently, Dy; and PDI diminish. As shown in Fig. S5,1 the
absence of an external magnetic field during incubation leads
to a random spatial distribution of IONFs into nano-clusters,
which is exclusively mediated by biomolecular recognition, i.e.
the receptor-analyte affinity, and the number of receptors,
MNPs, and analytes present in 0.1x PB. As mentioned above,
the evolution of Dy versus the MNP concentration determines
the dynamic magnetization response, and consequently, the
transducing capacity of b-IONFs. In this regard, larger clusters
favor magnetic dipolar interactions,>®****>> which strongly
influence Néel relaxation. Fig. 5 depicts the MNP concen-
tration dependence on the normalized A/A, hysteresis area,
resulting in a progressive increase from 85% up to 97% with
decreasing Dy. Our observation underlines the relevance of
MNP concentration to modulate the nano-cluster formation,
influencing Dy and PDI. Interestingly, the transducing capacity
of b-MNPs benefits from low b-MNP concentrations (<1 gg. per
L) to detect divalent analytes.

Effect of the number of receptors per MNP on the b-MNP
transducing capacity for analyte detection

To assess the effect of the number of receptors per b-MNP on
the transducing capacity of b-MNPs, we probed the influence
of the number of receptors (i.e., recognition ligands) per
b-MNP on their transducing capacity by studying IONFs bio-
conjugated with a distinct number of receptors bound onto
the nanoparticle surface, ranging from 2 to 12 receptors per
MNP. Next, b-IONFs were incubated under the standard con-
ditions with 1 pM divalent analyte. Fig. 6 shows the MNP-
receptor ratio dependence of colloidal and AC magnetic pro-
perties (i.e. Dy, PDI, and normalized AC magnetic hysteresis
area at 100 kHz and 24 kA m™"). The results reflect the signifi-
cant variation of Dy and PDI on increasing the number of
receptors per MNP. On the one hand, larger Dy and PDI values
are observed for the lowest MNP-receptor ratio (1:2), reaching
values Dy = 214 nm and PDI = 0.55. On increasing the ratios,
Dy and PDI values progressively decrease down to 90 nm and
0.15, respectively. On the other hand, A/A, values progressively
increase from 85% up to 100% when the receptor-MNP ratios
increase. Similarly to the study of b-MNP and analyte concen-
tration effects, the AC magnetic hysteresis area behavior is
tightly related to the evolution of Dy values when MNP-recep-

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper
—————
- b-IONFs .
100} -
§ L y
VQ N
N
w i I -
80/ X
10F l l
250f : — 310
200F D |
- : PDI |
S 150F 1
Ty i I 105 5
{100k =
r [ ]
50F ]
o B B, B, B 100
0 5 10 15

# Ligands per b-MNP

Fig. 6 Normalised hysteresis area (A/Ap) and Dy and PDI values of
b-IONFs conjugated with a distinct number of receptors per MNP.
Incubation conditions: different b-IONF receptor formulations at 1 gge
per L and 1 uM divalent analytes dispersed in 0.1x PB for 1 hour at 25 °C.
AC hysteresis loops were measured at 100 kHz and 24 kA m™,

tor ratios vary. Interestingly, large ratios result in less efficient
magnetic transduction. The reason is that the need for sharing
divalent analytes between b-IONFs diminishes on increasing
the number of receptors per particle. Consequently, Dy; and
PDI values shrink. Our experimental observations underline
the role played by the number of receptors per MNP in cluster
formation. Indeed, the MNP-receptor ratio effectively controls
MNP cluster formation, and consequently, strongly influences
the AC magnetization cycles. Interestingly, the transducing
capacity of b-MNPs benefits from low number of receptors per
nanoparticle in the studied analyte concentration range.

Effect of field conditions on the transducing capacity of
b-MNPs for analyte detection

To assess the role of the field conditions in analyte detection,
we incubated the prepared b-IONFs and b-CoFeNFs with 2 uM
of mono- or divalent analytes under the standard conditions
described in previous sections. AC magnetization measure-
ments were performed under alternating magnetic fields
ranging from 10 up to 100 kHz and field intensities up to 24
kA m™'. As shown in Fig. S6,7 the A and A4, values tightly
depend on field conditions, as well as the presence of analyte
and MNP compositions. At a first glance, A values observed for
CoFeNFs are twice larger than those for b-IONFs. In addition,
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the frequency dependence of the CoFeNF AC magnetic area
shows a trend of decrease/raise-saturation-decrease of their
hysteresis area values at 4/24 kA m™" intensity values, respect-
ively. In contrast, the AC magnetic area frequency behaviour
remarkably differs for IONFs with the field intensity. At 4 kA
m™', a progressive decrease of the AC magnetic area is
observed on increasing the field frequency value. At 24 kA
m™", the AC magnetic area progressively increases (in Fig. S67).
Such a different behaviour for IONFs and CoFeNFs is under-
stood by the appearance or not of minor cycles on increasing f
(see Fig. S7t). Except for b-IONFs incubated with monovalent
analytes, biomolecular recognition phenomena in general
reduce the AC magnetic area values with respect to the case in
the absence of analytes. To better quantify the variation of sen-
sitivity under different field conditions, we monitored 4/4, in
Fig. 7, where the values range from 100% down to 65%
depending on MNP composition, analyte valency and field
conditions. For b-CoFeNFs, we observed a larger decrease of
A/A, values for the divalent analytes than for the monovalent
ones, which maintain values of around 70% almost indepen-
dent of field conditions. For b-IONFs, A/A, values are main-
tained around zero for the monovalent case under all field
conditions. However, for the divalent case, IONFs showed a
progressive decrease of A/A, values on increasing the field fre-
quency from 100 down to 90% at 24 kKA m™", while A/A, values
are maintained around 80% at 4 kA m™'. The influence of
field conditions on analyte detection sensitivity can be under-
stood in terms on how AC hysteresis loops is tailored by the
external AC magnetic field. Recent magnetic studies*> show
the induced field transition between magnetically unblocked
and blocked states. The field frequency (f) defines the
measurement time (z,, = 1/2xnf) according to the magnetic
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Fig. 7 Frequency dependence of A/A at two field intensities (4 and 24
kA m™) for: (a) b-IONFs and monovalent analytes (blue colour); (b)
b-CoFeNFs and monovalent analytes (blue colour); (c) b-IONFs and
divalent analytes (green colour); and (d) b-CoFeNFs and divalent ana-
lytes (green colour). Incubation conditions: b-MNPs (1 gre.co per L) dis-
persed in 0.1x PB for 1 h at 25 °C at 2 pM of monovalent and divalent
analytes. Data extracted from Fig. S6.
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field sweeping rate during magnetization measurements.
Thermal fluctuations across the magnetic anisotropy barrier
are behind the relaxation mechanism that determines the lag
between the external field and magnetic moment directions.
Such a time lag tailors the opening of AC magnetization
cycles.”® Moreover, field intensity (H,) defines both the
number of the MNP magnetic moments aligned with respect
to the external field direction and the magnetic regime (linear
or non-linear) in which magnetization dynamics occur. In this
manner, the field frequency and intensity probe MNP mag-
netic relaxation, defining the shape and values of AC magneti-
zation cycles, as shown in Fig. S7.1 Interestingly, our experi-
mental evidence shows how field conditions remarkably influ-
ence the transduction capacity of the studied MNPs. Indeed,
low field intensities benefit the observation of A/A, variations
for more sensitive detection of divalent analytes (i.e. nano-clus-
tering) in CoFeNFs (i.e. Brownian relaxation).

Conclusions

We report on the proof of concept and parametrization of a
novel and highly sensitive methodology for quick and direct
detection of proteins dispersed in liquids. This methodology is
based on the variation of the AC magnetic hysteresis area from
b-MNPs upon specific interactions with two analyte variants.
We have assessed the effect of several parameters on the MNP
transducing capacity. First, our observations underline the
relevance of the dominant MNP magnetic relaxation nature for
transducing the biomolecule interactions with b-MNPs under
alternating magnetic fields. The Brownian process benefits the
transduction of specific interactions between b-MNPs and
monovalent/divalent analytes with respect to the Néel mecha-
nism. Second, the analyte valence defines assembling phe-
nomenology leading to nano-assemblies (i.e. surface modifi-
cations) or nano-clusters (i.e. agglomeration of MNPs and
cross-linked analytes), enabling analyte detection down to 0.05
and 4 pM. Numerical simulations support our hypothesis
regarding surface modification effects on cobalt ferrite nano-
particles for monovalent detection, showing an outstanding
agreement with the experimental results. Third, the number of
b-MNPs and receptors per MNP influences nano-cluster for-
mation in a similar manner to the analyte content.
Interestingly, the transducing capacity of b-MNPs also benefits
from a low MNP concentration and a low number of receptors
per MNP for analyte detection. Finally, the field conditions
benefit the observation of changes of AC magnetization cycles
after biomolecular recognition. The systematic description of
the parameters tuning the sensitivity of the proposed method-
ology allows a precise sensing customization by tailoring the
b-MNP design and AC magnetometry settings. In this manner,
clinical biomarkers can be adequately detected by separately
testing the relevance of each studied parameter in the sensi-
tivity modulation. This approach will provide optimal detec-
tion settings for employing the proposed biosensing method-
ology as an alternative in vitro diagnosis test.

This journal is © The Royal Society of Chemistry 2024
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Experimental section/methods
Magnetic nanoparticles

Table 1 lists some structural and colloidal features of the four
MNPs employed in this study: (1) commercial magnetite nano-
flowers (IONFs) (Synomag®-D, product code: 104-56-701,
Micromod Partikeltechnologie GmbH, Germany) coated with
carboxylic poly(ethylene glycol) (PEG) with a nanocrystal size
of 30 + 4 nm; (2) commercial maghemite nanoparticles
(IONPs), supplied by Liquid Research Ltd, United Kingdom
(product: HYPERMAG C), coated with carboxylic dimercapto-
succinic acid (DMSA) with a nanocrystal size of 16 + 4 nm; (3)
commercial Cog;Fe, 0, nanoflowers (CoFeNFs) (product
code: 124-02-501; Micromod Partikeltechnologie GmbH,
Germany) coated with carboxylic dextran with a nanocrystal
size of 32 + 5 nm; and (4) Co, ;Fe, 30, nanocubes (CoFeNCs)
coated with carboxylic with poly(maleic anhydride-alt-1-octade-
cene) (PMAO) with a cube edge size of 20 + 3 nm. The
CoFeNCs were synthesized by the thermal decomposition
method following a procedure described elsewhere.”®

Nanocrystal size

The MNP size and shape were evaluated by TEM (see Fig. S87).
A JEOL 2100 microscope operating at 200 kV (point resolution
0.18 nm) at the Centro Biologia Molecular Severo Ochoa
UAM-CSIC was employed. TEM images were examined through
manual analysis of more than 150 particles randomly selected
in different grid locations using Image-J software to obtain the
mean size and size distribution, as listed in Table 1.

Quantification of iron content in the magnetic colloids

The Fe and Co concentrations in the studied MNP magnetic
suspensions were determined by inductively coupled plasma
optical emission spectrometry using an ICP-OES (PerkinElmer
Optima 2100 DV) at Servicio de Analisis Quimico, ICMM-CSIC
(Madrid, Spain).

Receptors and analytes

The receptor (or the recognition ligand) was the glutathione
S-transferase (GST) protein fused at the C-terminal end to an
engineered peptide of 24 amino acids with a final MEEVF
sequence (GST-MEEVF) for specific recognition of the
MMY-TPR2 domain.*® This domain has been fused to a mono-
meric or dimeric variant of the VFP, resulting in mono-
(VFPmonomer TPR2-MMY)"” and divalent (VFPgime-TPR2-MMY)
variants with one or two recognition sites, respectively. This
strategy offers the VFP with single or multivalencies interacting
with the same GST-MEEVF receptor.

MNP bio-conjugation

For the bio-conjugation of the employed MNP formulations,
we took advantage of carboxylic groups present in all coatings
listed in Table 1. To activate the present carboxylic groups in
dextran, PEG and DMSA were coated with CoFeNFs, IONPs,
and IONFs, respectively, 1 mL of MNPs at 2.5 g L™ of magnetic
element mass (Fe or Fe + Co) were incubated 4 hours at 37 °C
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with 150 mmol EDC per g of Fe/Fe + Co and 150 mmol EDC
per g of NHS Fe/Fe + Co. Then, the MNP suspension was
washed using centrifugal filters (amicon ultra) with a mole-
cular weight cut off (MWCO) of 100 kDa. Next, b-MNPs were
redispersed in 10 mM sodium phosphate buffer at pH 7.4 to a
final volume of 1 mL and the filter cleaning was repeated three
times. These MNPs with pre-activated carboxyl groups were
incubated at 2.5 ggeperco per L with 100 pl of 167 pM
GST-MEEVF fusion protein in PB overnight at 37 °C. Finally,
b-MNPs were purified by gel filtration through a sepharose 6
CLB column using PB. Diffusion measurements of b-MNPs
and MNPs were performed to assess the presence of bio-conju-
gated GST-MEEVF on the MNP surface, resulting in transla-
tional diffusion changes. To activate the present carboxylic
groups in CoFeNCs coated with PMAO,”” 1 mL of CoFeNCs at
2.5 gre+co Per L was incubated for 4 hours at 37 °C with
150 mmol EDC per g of Fe + Co, 75 mmol NHS per g of Fe +
Co and 10 pL of NaOH 1M. After that, the same GST-MEEVF
bio-conjugation procedure was employed for IONFs and
IONPs.

Preparation of b-MNPs with different numbers of receptors

First, a nanoparticle tracking analysis (NTA) was performed
(Nanosight NS300, Malvern, UK) to determine the hydrodyn-
amic size, translational diffusion coefficient, and the number
of particles per mL (1.9 x 10" IONF per mL) by diluting a
IONF solution at 1 gg. per L in a 1:5000 ratio in double dis-
tilled water (DDW). Second, in order to set the bio-conjugation
protocol to anchor a single receptor per MNP, we took 500 pL
of each MNP suspension at 2.5 gr. per L and pre-activated
according to the previous protocol using 150 pmol EDC per gge
and 75 pmol NHS per gg. (4 hours at 37 °C). Later, it was
washed using a centrifugal filter (amicon ultra) and redis-
persed in PB to a final volume of 1 mL. Carboxyl pre-activated
MNPs were incubated overnight at 37 °C with 5 pL of 3 pM
GST-MEEVF to establish a 1 GST-MEEVF: 1 MNP ratio.
Afterwards, b-MNPs decorated with the GST-MEEVF fusion
protein was purified by filtration using a sepharose 6 CLB
column and concentrated to a final volume of 1 mL and a
MNP concentration of 1 gr. per L. Taking advantage of the
analyte fluorescence, single molecule fluorescence spec-
troscopy was employed to quantify the number of receptors
(i.e., ligands) present on the b-MNP surface after incubation
with monovalent analytes. We intentionally prepared a b-MNP
formulation with a MNP : receptor ratio of 1:1 and character-
ized by single fluorescence spectroscopy (SFS), as described in
the next section. This allows us to set the bio-conjugation pro-
cedures of MNPs at distinct MNP : receptor ratios of 1:2, 1:4,
1:8, and 1:12. For this, we added different volumes of
GST-MEEVF at 3 uM (10 pL, 20 pL, 40 pL and 70 pL, respect-
ively) to the pre-activated MNPs.

Quantification of the number of recognition receptors

Single fluorescence spectroscopy was employed in order to
accurately determine the average number of bio-conjugated
recognition ligands per b-MNP and their particle distribution.
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In brief, fluorescent analytes attached to the immobilized
MNPs were photobleached one at a time while monitoring the
time evolution of analyte fluorescence intensity from the ana-
lytes bound to receptors per MNP (Fig. S9t). The spatially-loca-
lized intensity changes related to single-fluorophore photo-
bleaching show the number of fluorophores®® at the particular
location of b-MNPs on the coverslip. To prepare the sample for
SFS, glass substrate coverslips (25 x 75 mm type #1.5 glass)
were first cleaned with piranha solution and coated with a
mixture of PEG5000 (Iris Biotech GmbH, Germany) and
PEG10000-biotin (Iris Biotech GmbH, Germany) mixture
(1:10000) before adding streptavidin (Thermo Fisher
Scientific) to fix the biotinylated b-MNPs. Then, the biotiny-
lated b-MNPs were released to immobilize MNPs onto the cov-
erslip. Single MNP photobleaching experiments were carried
out using a custom-made total internal reflection fluorescence
(TIRF) microscope.” An oil immersion objective UAPON 100x
OTIRF (Olympus) was set on an IX73 Olympus microscope
body. A 488 nm continuous wavelength laser (Sapphire,
Coherent,USA) was used to excite the analyte fluorescence at
520 nm. The excitation laser power was 10 mW (epifluores-
cence configuration) at the objective. The filter cube used was
ZET405/488/561m-TRF (Chroma). An Andor iXon 897 EMCCD
camera was used for aquiring 512 x 128 pixel-images with the
electron multiplier set to 300 and 17 MHz readout rate. A con-
tinuous sequence of 1500 20 ms frames was acquired for the
analysis of photobleaching steps. Data analysis was performed
in two steps. First, fluorescent complexes bound to the MNPs
were spatially localized using free software RapidStorm.®® An
fluorescence intensity trace was obtained for every MNP in the
1500frame sequence. Second, the intensity traces for every
MNP were subsequently analyzed with in-house developed
software (MatLab). The employed software inputs are shown in
Table S5.1 Only fluorescent complexes that showed a maximal
to minimal intensity difference equal or larger than the fluo-
rescence intensity of a single VFP,onomer TPR2-MMY analyte
(previously calibrated) were considered. Accordingly, intensity
changes were only counted as a bleaching step if the intensity
change was equal or larger than single VFP,onomer”TPR2-MMY.
To prevent misidentification due to blinking or noise events, it
was required that intensity changes lasted for at least five con-
secutive frames (100 ms). These conditions were adapted to
the nanoparticle fluorescent complexes from the literature.®"*>
After filtering the fluorescent complexes and the photobleach-
ing steps described above, the photobleaching steps were
counted on each fluorescent b-MNP to perform statistical ana-
lysis to determine the number of receptors per MNP (see
Fig. S10%). For all experiments a minimum of 5000 particles
were analyzed.

Analyte and b-MNP incubation conditions

50 pL of the MNP formulations at the given MNP content
ranging from 0.5 up to 2 gge/rerco Per L were incubated in 0.1x
PB for 1 hour at 25 °C with different analyte variants at distinct
analyte concentrations from 0 (control) up to 4 pM. All incu-
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bations were performed in the absence of external magnetic
fields.

Hydrodynamic size measurements

DLS measurements were performed to determine the intensity,
number and volume-weighted Dy of the b-MNPs under
different experimental conditions. For that purpose, we
employed a Zetasizer Nano ZS90 (Malvern Instruments, United
Kingdom) equipped with a 4 mW He-Ne laser operating at
633 nm as an energy source with an angle of 173° between the
incident beam and the avalanche photodiode detector. DDW
and PB were used as dispersion media for measuring the col-
loidal properties of MNPs before bio-conjugation. Otherwise,
the colloidal properties of b-MNPs at different MNP and
analyte concentrations were studied in 0.1x PB. b-MNPs were
diluted to a final MNP concentration of 0.05 gre/retco PEI L in
1 mL volume deposited into a commercial cuvette prior auto-
matic scan measurements (three scans per measurement).

Diffusion coefficient measurements

Table S17 lists the translational diffusion coefficients of IONFs
and CoFeNFs in 0.1x PB obtained by NTA (Nanosight NS300,
Malvern Instruments, United Kingdom). Bare and bio-conju-
gated MNP suspensions at an initial concentration of
1 Zre/re+co Per L were diluted to 1:5000 in 0.1x PB and injected
into the instrument chamber using a 1 mL syringe. Camera
settings were adjusted to focus the objective and track the indi-
vidual Brownian motion of 20-80 MNPs in the camera cell (see
Fig. S11%). Video data were recorded for 30 seconds and
repeated 5 times per sample.

Magnetic characterization

Magnetization cycles under quasi-static conditions of MNPs
dispersed in DDW were performed at different temperatures (4
and 300 K) using a Quantum Design SQUID magnetometer
model MPMS-XL at Técnicas Fisicas, Universidad
Complutense de Madrid (Madrid, Spain). The measured
samples were 100 pL of MNP dispersion volumes at a concen-
tration of 1gge/rerco per L. The magnetization values were nor-
malized to the magnetic element mass (Fe or Fe + Co) of each
measured suspension (see Fig. S12 in the ESIf). AC magneto-
metry measurements of the magnetic colloids with a magnetic
element mass ranging from 20 up to 80 pg were performed
using commercial inductive magnetometers (SENS and
ADVANCE AC Hyster™ Series, Nanotech Solutions, Spain). AC
Hyster Series magnetometers measure magnetization cycles of
MNPs dispersed in liquid media at room temperature under
alternating magnetic fields whose frequency ranges from 10
up to 300 kHz and intensities up to 24 kA m~". Each AC mag-
netization measurement consists of three repetitions to obtain
an average of the magnetization cycles and the related mag-
netic parameters (Hc, Mg, and AC magnetic hysteresis area).
Such dynamic magnetization measurements take less than 60
seconds. Magnetization units were normalized by the mag-
netic element mass (ie., iron or iron plus cobalt magnetic
elements) and expressed in Am* kg ™.

This journal is © The Royal Society of Chemistry 2024
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Computational simulations

Numerical simulations of MNPs’ AC magnetization cycles were
performed to understand the AC magnetic hysteresis area
behaviour observed for the CoFeNF and IONF nano-assemblies
by using multiphysics UAMMD software.®*%*
open source framework running in graphical processor units
equipped with an immersed boundary®®> and Brownian-
based®® colloidal hydrodynamics, recently generalised to
include magnetic interactions between MNPs. Notably, the
magnetic-UAMMD uses the single domain approach to solve
the internal dynamics of magnetization involving Néel relax-
ation and their coupling with MNP Brownian motion. The
internal dynamics of MNP magnetization 7i(¢) is solved by
integrating the Landau-Lifshitz-Gilbert equation, following
the scheme used in Vinamax code:*’

The latest is an

dm Yo > 3 7 % 1 X B
E:1+a2(m><Beff+(lm><m><Beff)

where y, = 1.7595 x 10" rad Ts™* denotes the gyromagnetic
ratio, a is the Gilbert damping constant, and (t) is a unitary
vector parallel to the direction of the MNP magnetic moment;
Bett = Ban + B +y0fIAC is the effective magnetic field acting
on each MNP composed of the anisotropy field (Banis), the
thermal field (Bierm), and the external magnetic field (Hac).
Note that the dilute MNP concentration employed in the
experiments allows for neglecting magnetic interacting
phenomena between MNPs. The anisotropy field was calcu-
lated as:

= 2K A
anis:Msat'(m'u)'u

where K is the MNP anisotropy constant, Mg, is the saturation
magnetization value of the MNP ensemble, and # is the unit
vector denoting the easy axis direction of MNPs. The thermal
field described the effect of thermal fluctuations arising from
the MNP magnetic mono-domain and satisfies the fluctu-
ation-dissipation relationship derived by Brown:®®

B 2kgTa W
hy = VTR
therm ]/OMsat Vcdt

where kg denotes the Boltzmann constant, T is the temperature
of the system, V. is the volume of the magnetic core of the
particles, dt is the time step, and W represents a random
vector whose components follow a normal distribution with
zero mean and uncorrelated in time and space (W;(t) W;(0)) =
5(t) 8. The external magnetic field (Hac) defined by a time
dependent sinusoidal wave with field amplitude (i.e. intensity)
H, and frequency f:

Hyc = Hy - sin(2xf - t)

On the other hand, the Brownian motion of each MNP is
simulated by solving the overdamped Languevin equation.
Given that we are neglecting all interactions between particles,
we do not need to solve the translational movement of the par-
ticles, and we only solve their angular motion. In every step we
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rotate each particle using a rotation vector d(7) computed as
follows:

dd = —M, - Tad - dt + \/2kgTM, - dW

—
where dW is a vector of independent Wiener increments (three
random components with zero mean and unit variance, ie.

1
(dW;?) = dt). We used My = ——
Dy
of a spherical colloid, while 7x¢ is the torque exerted by the

field on the particles:

for the rotational mobility

L —
TaC = Ho - M X Hpc

where M = Mgy, - Vo - 1 is the MNP magnetic moment. Values
of Mg, and K were obtained from quasi-static magnetization
measurements at 4 and 300 K (see Table S2t). V. was obtained
from the MNP TEM images. Simulations considered the MNP
size Gaussian distribution, mean size and standard deviation
observed from the TEM images (see Table S37). Depending on
the predominant relaxation mechanism of the particles (ie.
Brown or Néel), the procedure employed to simulate the cycles
was slightly different. When the predominant mechanism is
Néel, AC magnetization cycles are not sensitive to changes in
the hydrodynamic size. Hence, it was enough to perform the
simulations using the same hydrodynamic size for all the par-
ticles. The value of the hydrodynamic size was obtained from
the experimental measurements of the translational diffusion
coefficient of the particles (Table S17). In contrast, when the
predominant relaxation mechanism is Brown, AC magnetiza-
tion cycles are extremely sensitive to change the distribution of
hydrodynamics sizes. For that reason, it was necessary to con-
sider not only the mean hydrodynamic size of the particles,
but also their distribution. In this simulations we have con-
sidered a log-normal distribution of hydrodynamic sizes:**~"*

p(Dh) — Dh()_l\/E exp (7 (111 (Dzho?z_ .M) )

where y and ¢ are the mean hydrodynamic size (D) and the
standard deviation of the distribution (STD) through:

\/Dy? + STD?

STD?
Dy2

azzln(l—i—

The values of Dy, and STD were determined by performing
unbiased random samplings in which both magnitudes
(employed as input parameters for the simulations) were
varied until the experimental magnetization cycles were accu-
rately fitted. In order to speed up these samplings, we bene-
fited from the large anisotropy energy in comparison with
thermal energy, i.e KV > kgT. In this way, the rigid dipole
approximation’?”* (i.e. M aligned to the MNP magnetization
easy axis) is assumed. Hence, we avoided the costly calculation
of the internal dynamics of magnetization, which otherwise
requires quite small time steps, in comparison with those
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employed for solving MNP Brownian motion. Once the
optimal MNP size distribution was found, we removed the
adiabatic approximation for the magnetization vector and
reproduced the experimental cycles solving the Landau-
Lifshitz-Gilbert equation to verify the validity of this approach.
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