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Abstract

The isolation of biomolecules from complex biological environments is a crucial step in the ac-
curate analysis of biomarkers, which in turn is vital for enhancing the precision of medical diagnoses.
Among the various techniques employed for biomarker separation, immunomagnetic separation utilizing
superparamagnetic iron oxide nanoparticles (SPIONs) has emerged as a promising approach. Nonetheless,
the diminutive size of SPIONs poses challenges regarding their robustness, particularly in the efficient
extraction of macromolecules from diverse biological samples. This study addresses this pressing concern
by investigating methods to enhance the magnetic properties of these nanoparticles. Specifically, we focus
on increasing the magnetic unit size while preserving their superparamagnetic characteristics. Through a
novel methodological approach, we successfully created giant superparamagnetic nanoclusters via click
binding of biotinylated SPIONs with avidin macromolecules. These large nanoclusters exhibited favor-
able magnetic properties, indicating their potential for significant application in biomarker discovery and
analysis, thus paving the way for advancements in biomedical diagnostics.
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1. Introduction

Medical diagnosis (MD) serves as a
crucial tool within the healthcare system to de-
termine the most effective treatment strategies
for patients. Beyond treatment, it has a signifi-
cant impact on patient care, and on healthcare
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research and policy-making (1). Accurate and
timely MD are highly influential factors in im-
proving the quality of the "diagnosis" process
in medicine (2).

The isolation and separation of differ-
ent types of biomarkers from biological sam-
ples is considered a crucial step in improving
the quality of MD and is used in almost all
branches of biological and medical sciences
such as pathology, immunology, toxicology,

Received: 08/04/2024; Accepted: 01/09/2024


https://orcid.org/0000-0001-5266-0316
https://orcid.org/0000-0003-2306-1773
https://orcid.org/0000-0001-6066-3074
https://orcid.org/0000-0001-6598-2074
https://orcid.org/0000-0003-0257-8984
https://orcid.org/0000-0002-5964-3364

Amir Reza Fatemi et al.

and biotechnology (3). To date, various tech-
niques have been developed for the isolation
and separation of biomarkers from biological
samples, including precipitation, chromatog-
raphy, ultrafiltration and microfiltration, elec-
trophoresis and immunofluorescence-based
techniques. Despite their numerous advan-
tages, each of these techniques has limitations
and drawbacks that need to be considered.
One of the most efficient techniques for sepa-
rating biomarkers from biological environ-
ments is the use of ligand-modified magnetic
nanoparticles, which are able to bind to the
biological markers of interest and isolate them
from the environment. This technique is called
immunomagnetic separation (IMS) (4).

Superparamagnetic behavior is a mag-
netic behavior of a class of materials exhibited
by magnetic nanoparticles called superpara-
magnetic iron oxide nanoparticles (SPIONs).
When magnetic materials are synthesized at
the nanometer scale, the magnetic domains
are partitioned into individual nanoparticles
with random magnetic orientations. There-
fore, despite the strong magnetic moment
and the maximum saturation magnetization
of each particle, the sum of these values de-
creases so that the nanomaterials are unable
to magnetize spontaneously (5). SPIONs have
a high magnetic susceptibility. In contrast to
magnetic materials, SPIONs lose their magne-
tism after the removal of an external magnetic
field; therefore, they can act selectively and
prevent aggregation (5, 6). Due to the nano-
metric dimensions of the particles, we have a
very favorable surface-to-volume ratio for the
binding of specific ligands to the surface of the
nanoparticles. This potential makes SPIONs
ideal for IMS (7).

The separation of biological markers
by magnetic nanoparticles conjugated with
specific ligands is technically simple and does
not require complex equipment and extra ener-
gy. With the IMS technique, all isolation steps
are carried out in a single tube. In addition,
the nanoparticles can be recycled and reused
(8, 9). The main advantage of IMS is its high
sensitivity, specificity, and high throughput,
which enables the specific separation of target
biomarkers with high efficiency (8). Despite
the significant advantages of IMS mentioned

above, this method still has some limitations.
One of the most serious limitations of the IMS
technique is the small size of the SPIONS,
which results in a lower maximum saturation
magnetization than ferromagnetic magnets,
requiring the application of a strong magnetic
field for separation and consequently resulting
in higher costs. The small size of the particles
also means that they are absorbed by the cells,
which can damage the contents of the sample

(10).

One approach to overcome the size
limitations of SPIONSs is the formation of SPI-
ON clusters (11). The clustering of SPIONs
leads to larger dimensions while maintaining
the superparamagnetic properties of the par-
ticles, which in turn significantly increases
the maximum saturation magnetization of the
particles (12). Furthermore, despite the over-
all lower surface-to-volume ratio compared
to single nanoparticles, they have a higher
surface-to-volume ratio for binding to bio-
markers than particles of the same size due to
clustering. We can also control the size of iron
oxide nanoclusters (IONC) more efficiently
than single SPIONs (10, 11).

In this study, we intend to utilize a
unique route to fabricate nanoclusters by es-
tablishing a robust bond between biotinylated
nanoparticles and the macromolecule avidin,
forming a biotin-avidin complex (BAC). The
3D structure of avidin provides specific bind-
ing sites for biotin so that each avidin mac-
romolecule can bind four biotin molecules
with very high affinity. The biotin-avidin bond
is one of the strongest non-covalent bonds
found in nature (K,=101M-1) (13). We hy-
pothesize that the superparamagnetic iron ox-
ide nanoclusters synthesized in this way have
a higher saturation magnetization than single
nanoparticles and can therefore isolate and
separate various biomarkers from biological
environments with higher efficiency. In ad-
dition, the presence of biotin on the formed
nanoclusters provides a platform for the at-
tachment of a variety of avidinylated targeting
molecules.

2. Material and Methods
2.1. Materials
Avidin was purchased from Sig-
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ma-aldrich®, D-biotin from Molekula®,
FeCl3.6H,0 and FeSO,4.7H,0 were produced
by Merck®, L-lysine, N-hydroxysuccinimide
(NHS) and N,N’-di cyclohexyl carbodiimide
(DCC) were purchased from Bio basic®.

2.2. Synthesis and characterization of L-Ly-
sine-magnetic iron oxide nanoparticles

Superparamagnetic iron oxide
nanoparticles coated with L-lysine (Lys-SPI-
ONs) were synthesized by a co-precipitation
technique performed by Raee et al (14). First,
1.7 g of FeCl3.6H,0 and 0.6 g of FeSO,4.7H,0
were dissolved in 50 ml of degassed distilled
water. The system was placed in a two-necked
flask, fixed in an oil bath under N, at 70 °C and
stirred at 1000 rpm. After 30 minutes, 1.6 g of
L-lysine dissolved in 6 ml of distilled water
was quickly added to the system. 30 minutes
later, 60 ml of 25% w/v NH4OH was rapidly
injected into the system to alkalinize the medi-
um, and the pH reached 11.1. The system was
left in this state for 90 minutes to allow Lys-
SPIONs to gradually form. The synthesized
Lys-SPIONs were separated with a magnet
and then washed three times with warm dis-
tilled water. Finally, the purified Lys-SPIONs
were dried in an oven (Father, B630).

Lys-SPIONs were characterized by
DLS and Zeta-check (Nanoparticle size ana-
lyzer, Microtrac, Nanoflex), XRD (X-ray dif-
fractometer, Malvern panalytical, X’ pert Pro
MPD), FT-IR (Fourier Transformed Infrared
spectroscopy, Bruker, Vertex 70), TGA (Ther-
mal gravimetric analyzer, Mettler Toledo,
TGA/DSC ISTAR System) and VSM (Vibrat-
ing Sample Magnetometer, Meghnatis Danesh
pazhooh Co., Kashan, Iran).

2.3. Biotinylation of Lysine-SPIONs

Stepl: Synthesis of Biotin- N-Hydroxy
succinimide (Biotin-NHS) as the intermediate
product via DCC/NHS reaction
To synthesize the biotin-NHS compound, a
1:3:5 molar ratio of biotin, N-hydroxysuccin-
imide (NHS) and N,N’-di cyclohexyl carbodi-
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imide (DCC) was prepared. First, 128 mg of
biotin and 185 mg of NHS were added to 5 ml
of dry dimethylformamide (DMF) as solvent.
The mixture was stirred at 52 °C (in an oil
bath) until the biotin and NHS were complete-
ly dissolved in DMF. Then 545 mg DCC was
added and the system was allowed to stand
in the dark for 24 hours. The formation of a
white slurry resulting from the suspension of
the reaction by-product, the dicyclohexylurea
(DCU) molecule, is evidence of completion of
the reaction.

To extract and purify the synthesized
biotin-NHS compound, the DCU molecules
were first separated using a Whatman® cellu-
lose filter. Then biotin-NHS was precipitated
with cold diethyl ether in tenfold amount as
an antisolvent with constant stirring. The pre-
cipitated biotin-NHS was finally extracted
after washing with diethyl ether. The purified
biotin-NHS was dried at 55 °C and stored at
-18 °C.

The formation of biotin-NHS was
confirmed by the determination of the melt-
ing point (melting point apparatus, Electro-
thermal, IA9100) and 13C NMR & 1H NMR
(nuclear magnetic resonance spectrometer,
Bruker, NMR 300 MHz).

Step 2: Modification of Lys-SPIONs
with biotin-NHS intermediate molecules

A solution of biotin-NHS in anhydrous
DMSO was mixed with 400 ul of Lys-SPION
and incubated at room temperature for 48
hours with stirring, according to the study of
Chauhan et al. (15). The biotinylated SPIONs
(Bio-SPIONs) were collected with a magnet
and washed with DMF and deionized water
respectively then stored in a refrigerator (2—8
°C).

The Bio-SPIONs were analyzed by
DLS and Zeta-Check (nanoparticle size ana-
lyzer, Microtrac, Nanoflex), FT-IR (Fourier
Transformed Infrared Spectroscopy, Bruker,
Vertex 70), TEM (Transmission Electron Mi-
croscope, Carl Zeiss AG, EM 900) and TGA
(Thermal gravimetric analyzer, Mettler Tole-
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do, TGA/DSC 1STAR System).

2.4. Biotin-Avidin complexation and forma-
tion of superparamagnetic iron oxide nano-
clusters (SPINCs)

Serial dilutions of avidin (250-1.3 pg/
ml) were mixed with a fixed concentration of
BIO-SPIONs (250 pg/ml) in 1X PBS with
pH=7.4 (Table S1). The system was incubat-
ed on the revolver (Labnet, H5600-15) for 1
hour at room temperature. The final products
were characterized by DLS and Zeta-Check
(nanoparticle size analyzer, Microtrac, Nano-
flex), FT-IR (Fourier Transformed Infrared
spectroscopy, Bruker, Vertex 70), TEM (Trans-
mission Electron Microscope, Carl Zeiss AG,
EM 900) and VSM (Vibrating Sample Magne-
tometer, Meghnatis Danesh pazhooh Co.).

3. Results
3.1. Synthesis and characterization of Lys-
SPION

Superparamagnetic iron oxide
nanoparticles were synthesized with a hydro-
dynamic diameter of 67 nm (Figure 1.A). The
X-ray diffraction pattern was in consistent
with the Fe;O,4 cubic inverse spinel crystal
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lattice (Figure 1.B). The crystal structure of
Fe30y4 1s an oxygen-packed arrangement with
divalent iron ions and half of the trivalent iron
ions in an octahedral coordination and the oth-
er half of the trivalent iron ions in a tetrahedral
coordination (16).

The sharp absorption band in the FT-
IR spectrum at 580 cm-! is related to the char-
acteristics of the Fe-O bond (Figure 1.C). The
two absorption bands at 1460 cm-1 and 1623
cm-1 are due to the stretching vibrations of the
C-0O and C=0 bonds of the carboxylic acid
group of the L-lysine attached on the surface
of the nanoparticles, respectively (14). Con-
sidering the narrowing of the broad peak of
the Lys-SPION infrared spectrum in the 2800-
3500 cm-1 region, compared to the infrared
spectrum of L-lysine, L-lysine has formed an
ester bond from its carboxylic acid end with
the hydroxylated surface oxygen ions of iron
oxide, and its terminal chain amine is free.

3.2. Vibrating-Sample Magnetometry analysis
(VSM)

Figure 1.D shows the magnetization
(M) curve of Lys-SPIONs versus the applied
magnetic field (H) at room temperature. Ac-
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Figure 1. Particle hydrodynamic size distribution (A), FTIR (B), XRD (C), and VSM (D) char-

acteristics of Lys-SPIONS.

20

Trends in Pharmaceutical Sciences 2025: 11(1): 17-28.




Particle Size Distribution
100

S0
80
70
60
50
40
30
20
10 t t +—FS

Y%Passing
Transmittance

0.1 1 10 100

Size(nanometers)

1,000 10,000

1.59

Giant Superparamagnetic Nanobeads

FT-IR Spectoscopy

— Biotin
— Bio-SPION
1.0
0.54
0.0t+—————7+— T
4000 3000 2000 1000 0

Wavenumber (cm™)

Figure 2. Particle size distribution (left) and FT-IR spectrum (right) of biotinylated SPIONs (Bio-

SPION).

cording to this diagram, SPIONs lose their
magnetization when the external magnetic
field is removed. When an external magnetic
field exceeds a specific value, the material
magnetization is fixed at a maximum and does
not change with a stronger magnetic field.

3.3. Modification of Lys-SPION by Biotin

The melting points of the synthesized
biotin-NHS and biotin were determined to be
approximately 205 °C and 224 °C, respec-
tively. These values, taking into account non-
standard atmospheric conditions and potential
impurities, are in line with expected ranges of
212-214 °C and 231-233 °C, at standard at-
mospheric pressure (17). The 1H-NMR (300
MHz, DMSO-d6) and 13C-NMR (75 MHz,
DMSO0-d6) spectra of the product (Figure S1)
confirmed the formation of biotin-NHS.

Biotinylation increased the hydrody-
namic diameter of the NPS to 120 nm (Figure
2) without significantly affecting their zeta po-
tential (Table 1).

A sharp absorption band in the 580
cm-1 region of the FT-IR spectrum is still asso-
ciated with the strong bond of Fe-O character-
istics and indicates the presence of iron oxide

nanoparticles (Figure 2). The two absorption
bands in the 1552 cm-! and 1639 cm-! regions
are related to the stretching vibrations of the
C-N bond and the C=0O bond of the amide
group, respectively. In the spectrum of biotin,
a band related to the C-O bond is seen in the
1320 cm-! region, which is eliminated in the
spectrum of Bio-SPION (15).

3.4. Superparamagnetic Iron Oxide Nanoclu-
sters (SPINCs)

Complexation of biotin and avidin
molecules and formation of nanoclusters in-
duced the sedimentation of nanoparticles, so
that the higher the avidin concentration the
higher the sedimentation rate of the particles.

Based on the trend of nanocluster for-
mation, the size distribution, and polydispersi-
ty index of nanoclusters prepared with differ-
ent concentrations of avidin (data not shown),
a 1:1 mass ratio of nanoparticles to avidin was
identified as the optimal ratio. Lower concen-
trations of avidin (NP to avidin mass ratio >
4) led to incomplete cluster formation, with a
substantial number of nanoparticles remaining
unclustered. This trend persisted until almost
no nanoclusters were formed at NP to avidin

Table 1. Hydrodynamic diameter and zeta potential of iron oxide nanoparticles and iron oxide nanoclu-

sters
...Sample  Medium _ Hydrodynamic diameter (nm) _Polydispersity Index (PDI) _ Zeta Potential (mY)
Lys-SPIONs Water 67 0.062 -69.3
Bio-SPIONs Water 120 0.059 -62.1
IONCs water 422 0.080 -9.1

Trends in Pharmaceutical Sciences 2025: 11(1): 17-28.
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mass ratios exceeding 20 times.

The hydrodynamic diameter of nano-
clusters synthesized with the highest avidin
concentration (1:1 Bio-SPION/avidin mass
ratio) was measured to be 422 nm (Table 1,
Figure 3.A). The positively charged avidin
molecules decreased the net charge of the
nanoclusters to - 9.1 mV, which does not pro-
vide acceptable stability and results in particle
sedimentation.

The molar mass ratio of avidin to
nanoparticle can be calculated based on the
following equation:

Avidin mole W de X%ﬂ'r3 x6.02x10™
NP mole Mw, xW,,

= O.ZEr3

(Eq. 1)

Where W is the mass weight of avi-
din and nanoparticle, dNP is the density of
the nanoparticle (equal to 5.17 g/cm?3), r is the
radius of the nanoparticle in nanometers, and
Mwav is the molar weight of avidin equal to
68.3 kg/mole. In a 1:1 mass ratio or when Wav
is equal to WNP then avidin to NP mole ratio
is equal to 0.2r3.

According to Swami et al. study, in the

Particle Size Distribution

“wChannel

CVNESLREBRERESS

01 1 0 10
Saze(nanometers)

1000 10,000

Transmittance

Magnetization (emu/g)

20000 -15000 -10000 -5000

FT-IR spectrum of avidin protein, there is a
sharp noticeable absorption band in the region
of 1622 cm-! caused by the stretching vibra-
tions of the C=0O bond of the amide type L.
This peak is visible in the FT-IR spectrum of
the fabricated iron oxide nanoclusters at 1629
cm-l. Another notable peak is the absorption
band caused by the stretching vibrations of the
C=0 bond of the amide type II, which is found
in the region of 1452 cm-! (Figure 3.B) (18).
The electron microscopy image of SPINCs
(Figure 3.C) reveals the agglomeration of
spherical Bio-SPIONs (Figure S2). The com-
parison between a single Bio-SPION and a
nanocluster seen in Figure 3.C shows an al-
most 5 times increase in size.

Figure 3.D shows the VSM diagram of
iron oxide nanoclusters formed by a 1:1 mass
ratio of NPs to avidin compared to Lys-SPI-
ONs at room temperature. The nanoclusters
also exhibit a perfect superparamagnetic prop-
erty. However, their maximum magnetization
is higher than the corresponding value in sin-
gle SPIONs. This means that their magnetic
strength in pulling out a trapped biomarker
in an applied magnetic field is about twice as
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Figure 3. Particle size distribution (A), FT-IR (B), TEM (C), and VSM (D) characteristics of iron
oxide nanoclusters formed by 1:1 mass ratio of Bio-Spion to avidin.
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high as that of single SPIONSs.

4. Discussion

This study aimed to synthesize super-
paramagnetic iron nanoclusters through bio-
tin-avidin coupling for separating biomarkers
from biological environments. The separation
and isolation of biological markers using mag-
netic nanoparticles conjugated with specific
ligands offer high sensitivity, specificity, and
throughput, making it an economically vi-
able technique. However, challenges arise due
to the small size of nanoparticles (like lower
strength), which can be partially overcome by
optimizing particle size to enhance the quan-
tity and quality of the separation and isolation
technique.

In fact, the key feature for isolating bio-
markers from biological environments is the
superparamagnetic property of nanoparticles,
which is dependent on their size. When the
particle size of iron oxide exceeds a certain
threshold (typically around 15-30 nm), the su-
perparamagnetic property is lost (12, 19). Con-
versely, reducing the particle size below this
threshold diminishes the magnetic strength
needed for separating macromolecules like
proteins. Hence, the primary challenge lies in
enhancing their magnetic strength while pre-
serving the superparamagnetic property.

Clusterization  of  iron  oxide
nanoparticles enables controlled size increase

Trends in Pharmaceutical Sciences 2025: 11(1): 17-28.

while maintaining superparamagnetic proper-
ties, making it an efficient tool for optimizing
particle size. In this research, a unique method
was employed to synthesize iron oxide nano-
clusters, enhancing particle size and improv-
ing their magnetic strength.

Superparamagnetic iron oxide
nanoparticles coated with L-lysine (Lys-
SPION) were synthesized using the co-pre-
cipitation technique. L-lysine was utilized to
create amine (NH,) functional groups on the
nanoparticles as a site for surface modification
with biotin. Figure 4 shows the schematic of
the possible structure of biotinylated SPION
(Bio-SPION) based on the FTIR data analy-
sis. L-lysine can also provide a suitable posi-
tive surface charge for nanoparticle stability
(14). Subsequently, an amide bond was es-
tablished between biotin and lysine through
the DDC/NHS reaction, allowing the attach-
ment of biotin molecules to the nanoparticle
surface. Finally, the addition of avidin mac-
romolecules led to the formation of a biotin-
avidin complex, resulting in the aggregation
of nanoparticles. By binding up to four biotin
molecules from four different nanoparticles to
one avidin molecule, iron oxide nanoclusters
are formed (Figure 4). The relatively close
size of avidin (5 nm) to nanoparticles (<15
nm) facilitates cluster formation by reducing
steric hindrance.

DLS analysis of synthetic samples

23




Amir Reza Fatemi et al.

with varying mass ratios of nanoparticles to
avidin revealed a direct correlation between
the size of the nanoclusters formed and the
concentration of avidin, or more precisely,
the mole ratio of avidin to nanoparticles. As
the avidin concentration increased, more and
larger nanoclusters were observed due to the
increased number of connections between avi-
din and biotin-nanoparticles. Conversely, as
the mass ratio of nanoparticles to avidin in-
creased, the likelihood of a reaction between
biotin and avidin, leading to nanoparticle clus-
tering, decreased. At mass ratios exceeding 4
times, a significant portion of nanoparticles
remain unclustered, and at ratios exceeding 20
times, the majority of nanoparticles exist in a
singular state.

The VSM diagram illustrates the mag-
netic behavior of iron oxide nanoparticles. The
point where the diagram intersects the vertical
axis is known as remanence magnetization,
while the intersection with the horizontal axis
is referred to as coercivity (Figure 5) (20). Re-
manence signifies a material's ability to retain
its magnetic properties even after the magnetic
field is removed. Non-zero values of magnetic
remanence indicate the presence of magnetic
properties in a material without the need for
an external magnetic field, which is influenced

by the microstructural and crystal lattice prop-
M

Meat
Remanent Magnetization /
Net-zero Magnetic
»| Remanence and Coercivity

Heat

Coercivity

(0.0)

—>— Ferromagnetism
——>— Superparamagnetism

Coercivity

erties of magnetic materials (21). Coercivity,
on the other hand, represents the resistance of
a magnetic material to magnetic changes and
is essentially the magnetic field required to
achieve demagnetization when applied in the
opposite direction (22).

The magnetic behavior of particles is
influenced by the particle size. Kalubowilage
et al. evaluated coercivity against the particle
diameter. As evident in Figure 5, up to a spe-
cific radius, rsp, the coercivity is zero, indicat-
ing the particle completely aligns with the ex-
ternal magnetic field and has no resistance to
changes in the magnetic field. This means, in
the absence of an external magnetic field, the
magnetic property of the particle will also be
zero. The value of rsp depends on the type of
magnetic material. rsp is considered the bound-
ary between superparamagnetic and ferromag-
netic states. As the particle radius exceeds rsp,
the coercivity of the particles increases, and
the magnetic behavior of the particle chang-
es from superparamagnetic to ferromagnetic,
while the particles remain single-domain.
This situation continues until a critical radius,
called rc, where multiple magnetic domains
form within a particle. The maximum coerciv-
ity of a particle will be at radius rc, and after
that, increasing the number of magnetic do-
mains will reduce the coercivity value (23).

0 Q B

Single do:!nain Multi-domain

super-
paramagnetic !
region | i

r p F. Particle diameter

Figure 5. Comparison of magnetization behaviour of ferromagnetic and superparamagnetic ma-
terials. Left: reprinted from Sezer et al. paper (20) and demonstration of changes in the magnetic
behavior of particles following changes in particle size. Right: reprinted from Kalubowilage et

al. paper (23).
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Sung Lee et al demonstrated that rsp and rc for
iron oxide nanoparticles could be around 30
nm and 100 nm respectively (12).

The VSM results indicated that despite
an increase in particle size to approximately
150-200 nm (more than 5 times the super-
paramagnetic range), the clusters retain their
superparamagnetic characteristics (Figure 3).
Unlike ferromagnetic materials that gradually
lose their magnetic properties in the absence
of a magnetic field, displaying remanence
magnetism and coercivity with a hysteresis
loop in their VSM graph, materials with super-
paramagnetic behavior rapidly switch between
magnetic and non-magnetic states (quickly
become magnetic when exposed to magnetic
field and lose their magnetic properties at the
same rate). This results in a VSM graph with a
reversible curve pattern without the formation
of a hysteresis loop (Figure 5).

Magnetization is a measure of the
magnetic properties of materials, represent-
ing the magnetic moment per unit volume in
electromagnetic units/cm3. When an external
magnetic field is applied, the material's mag-
netization increases until it reaches saturation,
where it remains constant regardless of fur-
ther field strength. Saturation magnetization
is the maximum magnetization a material can
achieve when all its magnetic domains align.
This parameter is influenced by atomic prop-
erties, magnetic spin alignment, and domain
size (24).

Another important quantity to consider
1s magnetic susceptibility, which represents
the change in magnetization per unit increase
in magnetic field. It reflects how the magnetic
properties or magnetization of a material re-
spond to variations in an external magnetic
field. A higher magnetic susceptibility indi-
cates that a material is more likely to reach
saturation in lower magnetic fields. The mag-
netic susceptibility is influenced by the size of
magnetic domains, and it decreases as the size
of domains grows (24).

The results revealed that following

Trends in Pharmaceutical Sciences 2025: 11(1): 17-28.
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nanoparticles aggregation and cluster forma-
tion, the saturation magnetization increased
remarkably to approximately twice its initial
value, while the susceptibility remained un-
changed. This means that the nanoparticles'
ability to extract a biomarker from a biological
sample is enhanced.

Formation of nanoclusters through
biotin-avidin complexes offers several advan-
tages. The high affinity of biotin ligands to av-
idin proteins enables rapid, cost-effective, and
efficient nanocluster formation under simple
conditions, eliminating the need for complex
laboratory settings. The resulting nanoclusters
exhibit desirable thermodynamic stability due
to the strong biotin-avidin linkage (K,=1013
M-1).

This method provides precise control
over nanocluster size by adjusting the molar
ratio of nanoparticles to avidin. Functional-
ization of nanoparticles and consequent func-
tionalization of nanoclusters with biotin allow
for the attachment of various avidinylated or
streptavidinylated targeting moieties, creating
a versatile platform for separating different
biomarkers from biological samples.

An additional advantage of nanocluster
formation through biotin-avidin click binding
is its reversibility. The structural interaction
between biotin and avidin enables the disso-
ciation of constituent nanoparticles, similar to
disassembling interlocked puzzle pieces. This
can be achieved by introducing extra biotin to
the colloid or passing the biotin-avidin com-
plex through a resin column containing avi-
din/streptavidin macromolecules (25), unlike
most nanocluster synthesis methods which are
irreversible.

Having hydroxyl groups on the sur-
face, bare iron oxide nanoparticles have a sig-
nificantly negative zeta potential (26). After
coating the particles with L-lysine, the zeta
potential of Lys-SPION at pH=7 was mea-
sured to be around -69 mV. Biotin has a neutral
surface charge, so modifying the nanoparticles
with biotin did not affect their surface charge
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noticeably. Upon clustering, the surface
charge became more positive, reaching -10
mV, attributed to the positive surface charge
of avidin protein at pH=7, with an isoelectric
value of 10 (27). Zeta potential is crucial for
assessing particle stability, as higher positive
or negative values indicate increased electro-
static repulsion between particles, leading to
slower settling rates and improved physical
stability (28). However, the addition of avidin,
with its high positive charge, reduced the zeta
potential towards zero, decreasing the physi-
cal stability of the clusters and causing faster
precipitation.

The zeta potential and TGA results
(Figure S3) indicate that the number of lysine
molecules on the surface of NPs was subopti-
mal, limiting the available sites for biotin dec-
oration. While the presence of lysine on the
surface of SPIONSs could slightly alter the zeta
potential (as shown in our previous study un-
der review), the amount of lysine amino acid
was insufficient to shift the zeta potential of
bare SPIONs from negative to positive (due to
the amine side chain of lysine). The low biotin
content on the nanoparticle surface along with
the negative zeta potential, could lead to the
formation of nanoclusters primarily through
ion interactions rather than biotin-avidin in-
teractions. In other words, ion interactions
dominate over the interactions between biotin
and avidin molecules. As a result, nanoclus-
ter formation was non-uniform to some extent
and nanoclusters were irregular and inconsis-
tent in shape. Optimizing the lysine content on
the SPIONSs surface could be advantageous for
attaching the desired quantity of biotin mol-

ecules onto the SPIONS, as well as increasing
the net charge on the nanoclusters to ensure
their colloidal stability.

5. Conclusion

The goal of this project was to explore
the potential for enhancing the saturation mag-
netization of iron oxide nanoparticles without
compromising their magnetic susceptibility
and superparamagnetic characteristics by cre-
ating nanoclusters. We achieved this by gen-
erating nanoclusters through a click binding
process between biotinylated nanoparticles
and avidin. The resulting nanoclusters exhib-
ited favorable magnetic properties and hold
potential for further investigation.
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