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Biomedical applications with emphasis on the design of smart materials, specifically magnetic nanoparticles
(MNPs) are considered to have technological benefits because they can be manipulated using magnetic fields.
Magnetic NPs have been widely used in hyperthermia, target drug delivery system, imaging, and extraction of
biomolecules, postulating them also as an important tool in cancer treatment. Morphological structures of
magnetic materials have drawn tremendous attention from diverse scientific fields due to their unique surface
chemistry, nontoxicity, biocompatibility, and particularly their inducible magnetic moment. This review features
recent research accomplishments made in the biomedical field using magnetic nanoparticles. The first part gives
a comprehensive overview of magnetic nanoparticles in the treatment of chronic diseases and drug targeting. The
second part includes the role of magnetic nanoparticles in electrochemical, optical-based immunoassays. The
review also outlines the current challenges and future research perspectives for fostering advanced and high-

performance magnetic nanoparticles in technological applications.

1. Introduction

The convergence of nanotechnology with molecular biology and
medicine has led to the active development of a modern evolving field of
study, nanobiotechnology, which provides exciting opportunities to
discover novel materials, processes, and phenomena. In the 1950s,
Gilchrist et al. treated lymphatic nodes and metastases by injecting
metallic particles heated by a magnetic field [1]. Shortly after that,
magnetic nanoparticles (MNPs) were increasingly introduced into drug
delivery, enzyme immobilization [2], and empowered a plethora of
exciting biotechnological applications. There are interesting character-
istics such as size uniformity, high surface area, biocompatibility [3,4],
superparamagnetism, adsorption kinetics, and magnetic moment that
can be tailored during the production process for specific applications
[5]. Among various types of nanoparticles, iron oxide nanoparticles
have been widely explored by researchers because it does not retain any
magnetization when the magnetic field is removed. In fact, iron oxide
nanoparticles (Fe304 and Fep03) have been widely applied for in vitro
diagnosis and even now for other applications due to their easy
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functionalization with polymers and other materials.

Different methods are available to fabricate magnetic nanostructures
in the form of nanorods, nanowires, nanocubes, including iron oxide
magnetic nanoparticles that can be prepared by several different prep-
aration methods, including wet chemistry or “bottom-up” routes such as
hydrothermal, solvothermal, sol-gel, co-precipitation, flow injection
syntheses, electrochemical, and laser pyrolysis techniques [6]. Simi-
larly, the biosynthesis of magnetic nanoparticles have been explored [7,
8]. Detailed reviews on the synthesis of magnetic nanoparticles has been
reported earlier in [9,10]. With efficient control over particle size, hy-
drolytic and nonhydrolytic wet chemistry procedures have shown
promising outcomes. Similarly, in manufacturing fine powders with an
average particles size of 20-50 nm, the new laser ablation, evaporation
synthesis, and microbial method has been reported as effective route
preparation [11]. The magnetic field parameter plays an essential role in
MNP cytotoxicity, the most significant of which are magnetic field
amplitude, frequency, and the duration of action [12]. The literature
reports that large MNP presents a cytotoxic effect in alternating
low-frequency magnetic fields (LF AMF) than smaller ones [13]. The
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particle size should be small enough (< 200 nm) to avoid being se-
questrated from blood, where they accumulate and are expelled through
the hepatic filtration and mononuclear phagocyte system, but large
enough (> 10 nm) to avoid renal filtration and rapid penetration [11,14,
15].

Strategies to improve some properties like biocompatibility, poor
biodegradability and chemical instability in a physiological environ-
ment rely on surface modification of MNPS and superparamagnetic iron
oxide nanoparticles (SPIONS) [15,16]. The surface of MNPS has been
functionalized covalently with biodegradable and biocompatible poly-
mers [17,18] such as polysaccharides [19,20,21] and linoleic acid [22].
There are also two kinds of functionalization strategies: molecular
functionalization that combine magnetic nanomaterials with other
functional nanostructures by sequential growth or coating, as depicted
in Fig. 1. First, biofunctional molecules such as antibodies, ligands, or
receptors coating magnetic nanoparticles and make them interact with
biological entities with high affinity, thus providing a controllable
means of “tagging” and confer high selectivity and sensitivity for many
biological applications. Secondly, the integration of magnetic nano-
particles with other material (e.g., metallic nanoparticles), can form
heterodimer structures that offer distinct surfaces and properties to
allow different kinds of functional molecules that attach onto the spe-
cific parts of the heterodimers, which may bind to multiple receptors or
act as agents for multimodality imaging [23], serving also as platforms
for bacteria detection [24,25] and therapeutic agent [26].

In the last few years, a plethora of articles have been published on the
biomedical application using magnetic materials. However, very few
works on the treatment of chronic diseases such as cancer were found.
Instead, interesting reviews cover the following aspects, (i) de-
velopments of hydrogel devices for biomedical applications and prac-
tical issues arising during synthesis, modeling, or use [27], (ii) recent
advances in the field of biomedicine using iron oxide and its derivatives
[28], (iii) detailed study on the synthesis, properties of magnetic nano-
particles, biofunctionalization and technological application of such
magnetic NPs in hyperthermia, drug release, tissue engineering, ther-
agnostic, and lab-on-a-chip [29]. Hence, it is imperative to acutely un-
fold the various design strategies of magnetic nanoparticles with a
holistic overview of their application in electrochemical, optical-based
immunoassays, and in the treatment of drug targeting. An effort to
highlight the current advancements is focused on two main topics. First
is the use of MNPs as a key tool in the treatment of chronic diseases such
as cancer, which through hyperthermia treatment may induce antitu-
moral immunity [30,31]. Cytotoxic drugs used in cancer treatment are
nonselective and can cause damage in normal tissues, although cancer
cells are innately more vulnerable than normal cells to the effect of such
drugs. Nanoparticles are strategically designed with dimensions similar
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to biological vesicles or molecules found in our body and that; these can
pass through blood vessels to safely reach their target and eventually
release their cargo at the site of the disease. The main advantage of
magnetic nanoparticles lies in controlling their distal location or thermal
activation by applying alternating magnetic fields (kHz-MHz) that do
not cause adverse effects to the human body [31]. This favors obtaining
stable colloids and can be easily passaged or accumulate into several
tumors, allowing the administration of drug delivery for different routes,
including brain tumors, and can cross the blood-brain barrier (BBB)
effectively. Similarly, in recent studies, MNPs have filtered cancer cells
attached to the nanoparticle surface, and these conjugates were carried
out of the body [31-33], as a strategy to avoid bioaccumulation issues.
In contrast to metallic nanoparticles, which are photothermally acti-
vated by near-infrared (NIR) light and some present antimicrobial
properties [34] and have no control over their distal location, harming
their therapeutic efficiency. Moreover, their presence in the environ-
mental or biological systems can cause adverse effects on human health
and ecological biodiversity due to the cytotoxic properties of metal [35].
These are some of the main challenges under investigation for the use of
metallic nanoparticles as a therapeutic agent. The second is intended to
discuss the recent advances in the development of biosensors for rapid
detection of a wide variety of clinical conditions without the need for
extensive laboratory-based testing. More specifically concerning the
early diagnosis of diseases, such as cancer, and its strategies for
biomolecule capture in complex biological fluid media.

2. MNPs in the treatment of chronic diseases

Chemotherapy agents are mostly designed to act on cancer cells,
although they are nonselective and can also cause injury to healthy
tissues. Another current obstacle in chemotherapy is the poor aqueous
solubility and permeability of anticancer drugs, the difficult bioavail-
ability, and the treatment efficiency [36,37]. Solid tumors have specific
characteristics that make them more vulnerable, for example, tumors
cannot expand beyond the diffusion limit of nutrients from the nearest
capillary, which is approximately 100-500 microns. Then, tumor cells
grow by the angiogenesis process, which is not organized. They secrete
factors that cause increased vascularization to stimulate vessel growth,
motility, and permeability [38]. However, the tumor also can create an
area where vascularization is reduced and, subsequently, low drug dis-
tribution [39,40]. However, the vessels created have permeable pores
up to 1 um in size and facilitate extravasation of circulating nano-
particles modified with a specific ligand that recognizes tumor-specific
receptors into the tumor environment and thus enhanced permeability
and retention (EPR) effects. In contrast with healthy cells that possess
tightly endothelial cells and do not readily extravasate, avoiding the
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Fig. 1. The scheme illustrates two commonly used strategies to fabricate multifunctional magnetic nanoparticles and their potential applications. Reproduced with

permission from [23]
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diffusion of NPs from the blood vessels [41-46]. In vascular-rich tumors,
the efficacy of nanoparticle-mediated drug delivery should be higher in
comparison to hypovascular ones [47]. Notwithstanding, the drug needs
to reach hypovascular places. For this reason, the tumor microenvi-
ronment should be altered with specific chemotherapeutic agents such
as nitroglycerin (glyceryl trinitrate), and S-1 [47]. Certainly, nano-
particles are considered a promising tool for improved pharmacokinetics
and pharmacodynamics of drugs widely used in cancer treatments [36,
47,48]. Due to the ability to synthesize nanoparticles in different shapes
and sizes, the high encapsulation, reduced toxicity, stability, efficacy,
specificity, the capacity to incorporate both hydrophilic and hydro-
phobic drugs, and tolerability of drug-loaded nanoparticles, and they
can enter the capillary pores of cancer cells; hence, increasing the drug
concentrations, specifically in the targeted cancer cell [36,49,50]. Also,
nanoparticles can be synthesized from a wide range of precursor mate-
rials, such as lipids (e.g., solid lipid nanoparticles, liposomes), polymers
(e.g., polymeric nanoparticles), and inorganic materials (e.g, gold
nanoparticles) [36,43].

2.1. Drug targeting

A suitable biological nanocarrier must have the following charac-
teristics: bio-compatibility, easiness of surface modification, high
encapsulation efficiency, longer shelf life, easy availability, and cost-
effectiveness [51]. The nanocarriers are divided into organic, inor-
ganic, and organo-inorganic hybrids. Organic carriers are mostly lipo-
somes, solid-lipid nanoparticles (SLN), polymeric nanoparticles, and
biomimetic virus-based nanoparticles [51]. The first commercial nano-
particles approved for therapy in cancer were the liposomes; Doxyl in
the U.S. (Doxorubicin, Caelyx outside the U.S), and DaunoXome
(Daunorubicin) [39]. Solid-lipid nanoparticles are spherical and usually
have a range from 50 nm to 1 um. Digestible solid lipids as such as di-
glycerides, triglycerides, phospholipids, and fatty acids are commonly
used in the synthesis of these nanoparticles. The SLNs have several ad-
vantages such as; facile delivery of active agents to tumors, suppressed
resistance, the capacity of regulating drug exposure, and synergistic
effects of mixed cargo [51,52]. Senthil Kumar et al. evaluate the efficacy
of chitosan-coated-trans-resveratrol and ferulic acid-loaded SLNSs, in
which the authors conjugated with folic acid for colon cancer treatment.
According to the authors, SLNs showed good stability under acidic
conditions and increased cytotoxicity in cancer cells [52]. Li et al. syn-
thesized nanoparticles based on phospholipid complex 1,2-distear-
oyl-sn-glycero-3-phosphoethanolamine-N-[methoxy (polyethylene
glycol)-2000]-folate (DSPE-PEG-FA) for drug delivery of mitomycin C
(MMCQ) [53]. Also, polymeric nanoparticles were prepared with a size
between 10nm and 1000nm using chitosan, poly(lactide-co-glycolide),
poly(lactic acid), polyacrylic acid, and alginate [54]. Polymer nano-
particles are usually synthesized by methodologies like solvent evapo-
ration, salting out and dialysis [51]. Most related polymeric
nanoparticles are considered biocompatible, provide protection against
drug degradation, are non-immunogenic, have high encapsulation effi-
ciency of lipophilic drugs, and can be quickly eliminated from the or-
ganism [51,55]. Abriata et al. [55], developed a polymeric nanoparticle
system based on poly-e-caprolactone (PCL) for paclitaxel drug, which is
widely used in ovarian cancer treatment. In vitro studies have shown
good release of drugs and reduced cell viability for SKOV-3 cell lines.

Inorganic nanoparticles of the size range of 10 nm to 500 nm with
spherical or rod shapes based on gold, silver, silica, and iron are usually
modified with different chemical groups that facilitate their conjugation
with antibodies, ligands, and other drugs [51]. Nanoparticles can reach
specific targets by the active process into tumoral tissues, mostly due to
modification with specific antibodies or biomolecules able to interact
with specific receptors in target cells [39]. Mesoporous inorganic ma-
terials have been incorporated and reported to interact effectively with
soluble drugs [56]. Nan Lu and co-workers developed thioether-bridged
periodic mesoporous organosilica nanoparticles (PMOs) modified with
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Cy5,5 and anti-Her2, which could be used for cancer cell targeting im-
aging and drug delivery of doxorubicin. Also, the developed nano-
particles have shown dual-responsive drug delivery for glutathione and
pH [57].

Furthermore, nanoparticles based on metal elements gold, zinc [58],
cobalt, manganese [59], and also magnetic nanoparticles are widely
used to contribute to the heating efficiency for hyperthermic treatment
[60]. This treatment consists of heating tumor cells to a temperature
range of 40-45 °C, which is enough to destroy or induce apoptosis in
cancer cells, once normal cells can tolerate elevated temperatures
[61-65]. Magnetic fluid hyperthermia (MFH) and photothermal therapy
(PTT) have been widely used for the treatment of cancer. MFH is based
on the use of an external alternating magnetic field (AMF) to drive
magnetic nanoparticles to different directions and, consequently, heat
release in comparison to PTT uses photoabsorbing agents to generate
heat from light [66]. Also, photodynamic therapy (PDT) usually uses
singlet oxygen (SO) or reactive oxygen species (ROS) generated from
photosensitizer (PS) molecules under light exposure [61,67]. The liter-
ature reported the use of magnetic nanoparticles where nanoparticles
first give 42 °C of hyperthermia to the tumor and additionally catalyze
the generation of highly toxic reactive oxygen species (ROS) (Fig. 2a)
[68]. Furthermore, Chan Ming-Hsien et al. developed magnetic fluid
hyperthermia (MFH) based on FePt nanoparticles with kaolinite modi-
fied with cetyltrimethylammonium bromide (CTAB) as exhibited in
Fig. 2b. The nanocomposites showed promise for loading the drug
doxorubicin and could be used as a tool in magnetic resonance imaging
(MRI) to guided targeting [69].

Fig. 3a shows the research work reported by Liu et al. a magneto
thermodynamic (MTD) therapy by combined reactive oxygen species
and heating effect [70]. The authors developed ferrimagnetic
vortex-domain iron oxide nanoring and graphene oxide (FVIOs-GO)
hybrid nanoparticles that showed strong immune response at physio-
logical temperatures, below 40 °C, in the hypoxic tumor microenvi-
ronment by a notably amplified ROS level under alternating magnetic
field (AMF) [70]. Wang et al. proposed block copolymer micelles con-
taining hyaluronic acid (HA) and Mn-Zn ferrite magnetic nanoparticles
(MZF) to increase the therapeutic effect of radiotherapy for the treat-
ment of lung cancer (Fig. 3b) [71].

2.2. Magnetic drug targeting/magnetic hyperthermia

Hyperthermia is not the unique application of magnetic nano-
particles studied in cancer therapy. Researchers have also been
exploiting the enhancements in drug delivery field, which allows a
better control not only for guiding the carriers but also the release of the
drugs upon reaching the tumor site [72]. This is possible due to external
triggering of the magnetic field [73]. Moreover, such strategy allows to
incorporate anticancer chemotherapeutic drug from single up to
multi-chemotherapeutic agents [74]. Due to the wide range of possi-
bilities to combine multiple functions in cancer therapy, there is a grown
interest on magnetic nanoparticles for application in cancer treatments.

Since then, novel methodologies based on the combination of
different treatments have been developed, one of them is the combina-
tion of photothermal, drug target, and PDT. Li et al. synthesized meso-
porous carbon nanoparticles modified with lipid bilayers. This thermo-
chemotherapy system contains doxorubicin drugs to enhance perme-
ability and retention (EPR) effects caused by NIR light exhibited a syn-
ergistic therapeutic efficiency for cancer cells. According to the authors,
tumor local temperature reached up to 51.9 °C 3 min after exposure to
laser at intensity of 1.25 W ecm ™2 [75]. Copper sulfide doped periodic
mesoporous organosilica nanoparticles (CuS@PMOs) have also been
used in hyperthermia and drug delivery of doxorubicin. The system of
drug release is controlled by three stimuli: intracellular glutathione
(GSH), acidic environment in tumor cells, and external laser irradiation
[76]. Millers et al., attached monomethyl auristatin E (MMAE), a potent
mitotic inhibitor, and doxorubicin to the palladium nanoparticles with a
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Fig. 2. Illustration of (a). The design exhibited the synergistic Magnetic hyperthermia (MHZ) and ROS for cancer therapy. Modified with permission from [68]. (b)
system of Doxorubicin loaded FePt nanoparticles combined with kaolinite modified with cetyltrimethylammonium bromide (CTAB), (FePt@Kao-Dox). Modified with

permission from [69].

size of 60 nm, by alkyl chain immobilization [77]. Additionally, the
authors used single low-dose radiation to increase EPR combined with
the prodrug strategy, which produces synergistic effects on tumoral re-
ductions [77]. Table 1 summarizes the most popular magnetic nano-
particles used in combination to drug and applied in hyperthermia for
cancer treatments.

3. Recent advances MNPs in immunoassays

Promising alternatives for analytical techniques widely explored in
the literature are electrochemical immunosensors since they combine
the high sensitivity and selectivity of traditional immunoassay methods
with simpler operating regimes [120]. Electrochemical transducers can
be categorized into four measurement techniques: potentiometric,
conductometric, amperometric, and impedance spectroscopy [121].
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These methods usually offer advantages over traditional laboratory
methods such as rapid response, reduced costs, portability, and the
relative ease of many microfabrication technologies [122].

World Health Organization (WHO) defined biomarkers as “any
substance, structure, or process that can be measured in the body or its
products and influence or predict the incidence of outcome or disease”
[123]. The main biomarkers employed for the clinical diagnosis of dis-
eases, such as cancer, include enzymes, DNA, RNA, and proteins. In
general, these biological components are present in our body at low
levels, especially during the early stages of the disease, which often
makes necessary a sample preparation step to separate/-
purify/preconcentrate the biomarker to be detected from a biological
fluid that is a complex matrix with a range of biological elements. These
can act as interferents which can greatly complicate target detection.
These requirements rule the projects for the creation of sensitive and
selective tools for detecting these biomarkers. A promising strategy to
accomplish such requirements is based on the use of magnetic nano-
particles (MNPs), which have been widely studied within the develop-
ment of immunoassays due to their high stability, small size, rapid
reaction kinetics, and ease of surface modification of the MNPs with a
range of functional groups. This facilitates their functionalization with
biological components such as DNA, RNA, enzymes, streptavidin, and
proteins [124]. MNPs are mainly formed by iron oxides such as
magnetite (Fe3O4), maghemite (a-FepO3), and hematite (FeoO3) [125].
In general, methods for synthesizing magnetite nanoparticles include
such widely used strategies as ultrasonic irradiation, sol-gel, thermal
decomposition, and coprecipitation [126].

Many reviews have been written on a variety of topics related to the
use of magnetic nanoparticles in electrochemical immunoassays [121,

127-132]. They mainly discuss applications for MNPs such as clinical
marker assays, environmental, and food analysis. Overall, contributions
describing the use of magnetic nanoparticles within immunoassays ef-
forts have been driven into:

I Sample preparation: this family of nanoparticles can be used for
the magnetic separation of biomarkers of interest from biological
matrices (blood, saliva, etc) with an efficiency comparable with
immunoaffinity columns and do not require advanced equipment
such as centrifuges, filtration systems, chromatographic in-
struments [130,133].

II Biomarkers: the search for novel biomarkers is still a challenge for
the improvement of diagnosis.

III Immunosensors: MNPs have been widely explored as a material
for immobilizing proteins and enzymes, and also to be used as a
tag for signal amplification or enzyme mimicking [127]. This
strategy implies the use of nano- and microparticles as a means of
immobilizing biomarkers and, consequently, amplifying the
analytical signal. Furthermore, it facilitates the capture and
separation of the analyte, due to its magnetic properties. This
allows both preconcentration and the elimination of possible
interferents, minimizing the matrix effect creating an appropriate
label for the assays [127,134,135]. In this topic, we will focus on
recent advances in addressing the last two challenges.

The possibility of MNPs functionalization with amino and carboxylic
groups allows their modification with a range of biomarkers. Sandwich
type immunoassays using MNPs present many advantages over con-
ventional sandwich assays, such as ELISA, mainly due to the possibility
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Table 1

Magnetic nanoparticles used in combination of different treatments to increase
the efficiency of cancer therapy.

Drug name Nanoparticles Ref.

Acyclovir Fe304 Magnetic nanoparticles [78]

Magnetic drug targeting/ Magnetic nanoparticles(Fe304) [79]

magnetic hyperthermia/
targeting delivery

Doxorubicin methoxy poly(ethylene glycol)-grafted [80]
carboxymethyl chitosan

Doxorubicin Gelatin/Fe304-Alginate [81]

Doxorubicin (Fe304) magnetic nanoparticles [73]

Doxorubicin Magnetic nanoparticle(Fe304)/ [82]
inhomogeneous magnetic pulses

Doxorubicin Starch/Octanoic/superparamagnetic [83]
iron oxide

Doxorubicin superparamagnetic iron oxide [84]
nanoparticles (SPIONs)/ poly (lactic-co-
glycolic acid) (PLGA)- AS1411 aptamer
(Apt) against murine C26 colon
carcinoma cells

Doxorubicin magnetic iron oxide nanoparticles [72]
(MIONs)/hyperthermia therapy/
chemotherapy

Doxorubicin Graphene oxide (GO) and magnetic iron [85]
oxide nanoparticles (MNPs)

Doxorubicin Superparamagnetic iron oxide [86]
nanoparticles/ 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-
[methoxy(polyethylene glycol)-2000]
(DSPE-PEG2000)

Doxorubicin Superparamagnetic iron oxide [87]
nanoparticles/copolymer of reducible
polyamidoamine(rPAA)/poly(ethylene
glycol)(PEG)/dodecyl amine graft

Erlotinib Mesoporous magnetic nanoparticles/ [88]
folic acid

Erlotinib Methotrexate/Chitosan-magnetic [89]
nanoparticles ferrofluid/CS copolymer

Gemcitabine Magnetic nanoparticles(Fe304)/ [90]
metformin/peptide pHLIP

Methotrexate PEG-Chitosan-Iron Oxide [91]
nanocomposites/cancer therapy and
dual model imaging

Methotrexate Magnetic nanoparticles (MNPs) / Fel — [59]
xMnxFe204

Methotrexate PLGA magnetic nanoparticles (Fe30,) [92]

Methotrexate/Doxorubicin dendritic chitosan grafted mPEG coated [74]
(Fe304) magnetic nanoparticles

Methotrexate Folic acid-chitosan-core-shell [93]
nanoparticles

Telmisartan Magnetic nanoparticles (Fe304)/ [94]
chitosan

Zidovudine NiFe,04/poly(ethylene glycol)/lipid [95]
NPs

Photothermal effect/ Porous carbon-coated magnetite [96]

chemotherapy-Doxorubicin nanoparticles(Fe;0,4)/Hyaluronic acid

Hyperthermia/Doxorubicin Iron oxide nanocubes [97]

5-Fluorouracil Fe304 glycidyl methacrylate grafted [98]
dextran and then N-vinylcaprolactam
and N-vinylimidazole monomers

Hyperthermia Cobalt-zinc ferrite nanoparticles (Co;.x [99]
Zn,Fe;04)

Hyperthermia Zng sFe 5704/Si02 [100]

Hyperthermia Hydroxyapatite coated iron oxide [101]
nanoparticle

Magnetic hyperthermia Manganese ferrite nanoparticles [102]

Hyperthermia Mn-Zn ferrite nanosphere [103]

Hyperthermia Magnesium shallow doped y-Fe203 [104]
(Mg0.13-yFe203)

Hyperthermia Polymethylmethacrylate Fe;04 [105]

Hyperthermia Hydroxypropyl methyl cellulose/ [106]
polyvinyl alcohol / Fe304

Magnetically mediated energy iron oxide core/glucose [107]

delivery

Hyperthermia Magnetic nanoparticles(Fe;04) [108]

Hyperthermia [109]
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Table 1 (continued)

Drug name Nanoparticles Ref.
Magnetic mesoporous silica
nanocarriers
Hyperthermia Magnetic nanoparticles(Fe304) [110]
Photodynamic therapy/ Magnetic nanoparticles (Fe304)- [111]
Hyperthermia hyaluronic acid (AHP)
Radiation therapy Au/Iron Oxide [112]
Gemcitabine Iron oxide nanoparticles/antiCD44 [113]
antibody
Enhanced imaging-guided Erythrocyte membrane-coated iron [114]
cancer therapy nanoparticles
Magnetically guided drug Fe304@Zirconium phosphate core-shell [115]
delivery nanoparticles
Superparamagnetic Magnetite nanoparticles (Fe304) [116]
Hyperthermia
Gene therapy Magnetic nanoparticles (Fe304)/ [117]
polyethyleneimine (PEI)
Blood-brain barrier Magnetic nanoparticles(Fe;04) [118]
Chemo/hyperthermia therapy Tragacanth gum/polycrylic acid/Fe;04 [119]
nanoparticles

of signal amplification. A relatively large amount of enzymes and anti-
bodies can be immobilized on the solid support due to their large surface
area/volume ratio. This approach provides useful signal amplification,
thereby improving the performance of any resultant analytical immu-
noassays [136-138]. In conventional electrochemical immunosensors,
the usual ratio between the antibody and enzyme is 1:1. With the use of
magnetic particles, the ratio is amplified to potentially thousands of
antibodies and thousands of enzymes to an antigen, as reported in the
works of Otieno et al. [139].

The most employed biomarkers in immunoassays are proteins (an-
tigen/antibody), enzymes, DNA, and RNA molecules. Recently, extra-
cellular vesicles have gained attention within the literature due to the
abundance of bioinformation contained within them and their diversi-
fied and complex repertoire of formation. This leads to a range of species
that differ in size and origin, such as exosomes, ectosomes, apoptotic
bodies, oncosomes, and large oncosomes [140], as shown in Fig. 4.
These extracellular vesicles are produced by the cell as part of a complex
endosomal secretory pathway, contain mRNA, microRNA, rRNA, tRNA,
DNA, lipids, and proteins [141], and are easily found in blood, saliva,
urine, semen, etc. Despite the potential of these biological moieties,
challenges in sample preparation (isolation) and comprehension of their
biomolecular composition (characterization) towards their use in bio-
sensing devices are still under investigation [142]. In this field of
research Moura et al. [143-145] have been studied the use of nano-
vesicles, more specifically exosomes derived from three breast cancer
cell lines (MCF7, MDA-MB-231, and SKBR3). Nanovesicles contain CD9,
CD63, and CD81 proteins that are general biomarkers for exosomes, as
well as CD24, CD44, CD54, CD326, and CD340 which are specific
cancer-related molecules. In their initial study, the authors employed a
modified ELISA method by incorporating an immunomagnetic separa-
tion step, achieving a limit detection of 218 exosomes pL ™! in phosphate
buffer solution and 10° exosomes pL ™! in human serum without any
previous treatment. This represents a 10-fold gain in sensitivity if
compared to conventional ELISA results (10° exosomes pL’l). The
highest sensitivity was obtained with the CD63 biomarker, meanwhile,
CD81 was not affected by the presence of free receptors in serum,
thereby allowing the detection of exosomes directly in serum. Later, an
electrochemical immunoassay, using amperometry at -0.1 V vs. Ag/AgCl
using hydroquinone as a mediator, was also investigated, reaching the
same limit of the detection value of modified ELISA using the antiCD81
modified magnetic particles. Both methods were able to identify healthy
donors and breast cancer patient samples.

In an attempt to address the lack of specificity of some biomarkers,
Zhao et al. [146] developed a dual-responsive electro-
chemistry/fluorescence immunosensor based on a cation-exchange re-
action (CER) to determine carcinoembryonic antigen (CEA). The
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Fig. 4. Illustration of exosomes biogenesis. The early endosome is formed from the cell plasma membrane invagination. Later, multivesicular bodies (MVBs) are
generated from endosomal membranes invagination. MVBs can be degraded in the lysosome or released to the intraluminal vesicles known as exosomes by the fusion
of MVBs to the plasma membrane mediated by Rab GTPases.. Figure adapted from [140].

hypothesis is that the dual responsive system has a self-correcting ability
thereby avoiding false-positive responses because two methods are used
to determine the same sample. When consistent results are obtained, the
method is shown to be accurate, however in case of discrepancy between
the two methods a comparison with a standard method must be pro-
vided. This system utilizes CdSe nanoparticles which give a fluorescence
response. The electrochemical procedure works by detecting divalent
cations, Cd?" released by the addition of Ag' in solution through
cation-exchange reaction with the CdSe particles. The Cd?* levels are
determined directly through square wave voltammetry (SWV),
achieving a detection limit of 1.7 pg mL™!. The fluorescence detection
was 10-fold amplified because free Cd** can trigger the weak fluores-
cence metal-sensitive dyes (Rhod-5N) and greatly increasing their
fluorescence, thereby obtaining a detection limit of 0.25 pg mL™".

An interesting property of some magnetic nanoparticles is the po-
tential capability of simulating catalytic reactions and/or enzyme
mimicking. That becomes desirable since these materials show much
greater stability against harsh conditions and also enhances the shelf life
of immunoassays [128,147] compared to those containing more fragile
species such as enzymes. It is worthy to mention that this property is not
limited to magnetite nanoparticles, researchers are also exploring the
synthesis of metal oxide (cobalt, zinc, and nickel) nanoparticles with
magnetic properties to develop magnetic immunoassays [141,
148-151]. This approach is commonly found as sandwich immuno-
sensors not only for capture and separation of the analyte but also as a
mimetic biomarker to facilitate the hydrogen peroxide reduction and
thereby allow the quantification of biomarker concentration [152,153].
Faria et al. developed a disposable enzyme-free microfluidic array de-
vice (mID) for the detection of CYFRA 21-1 prostate cancer biomarker,
in serum samples from healthy and prostate cancer patients, as depicted
in Fig. 5. They synthesized Cog.25Zng7sFe2O4 nanoparticles (CoZn--
FeONPs) whose magnetic capacity is superior to traditional ferrites
(Fe304), improving the biomolecule separation efficiency and speed,
and acting as enzyme mimics, demonstrating peroxidase-like catalysis.
Both MNPs presented detection limits of 0.30 and 0.19 fg mL™! for
FeONPs and CoZnFeONPs, respectively, which is much lower than the
clinical threshold (3.3 ng mL_l) [154]. Table 2 summarizes examples of
recently published works on MNP-based electrochemical biosensors.

3.2. Optical immunoassays (SPR)

Surface plasmon resonance (SPR) sensors are based on the changes in
the refractive index very close to the sensor surface provoked by binding
events between the analyte in solution and the ligand immobilized on
the sensor surface [155]. SPR allows label-free real-time monitoring of
the molecular interactions, and it is considered an important tool for
molecular interaction analysis such as association and dissociation ki-
netics and ligand-analyte affinity beyond the sensing application. The
surface plasmon generation can be achieved by different optical exci-
tation setups, such as the total attenuated reflection (ATR) using
prism-coupling, through optical waveguides or diffraction grating (see
details in [155,156]). At the most common Kretschmann configuration
by the ATR condition [157] (Fig. 6a) a thin metal layer (usually Au or
Ag) at the base of the prism is interfaced with a dielectric medium
(biomolecules layer or solution). At a specific incident angle, named
resonance angle (6spr), the absorption of light energy by the free oscil-
lating electrons on the metal surface results in an evanescent electro-
magnetic field, known as surface plasmons, at the metal/dielectric
interface [158]. Since SPR conditions are sensitive to small refractive
index changes, binding-induced changes can be measured by various
modes, such as angular interrogation (the measurement of fspgr as the
minimum reflectivity in an angular scanning), wavelength interrogation
(the measurement of the resonance wavelength, Agpr, as the minimum
reflectivity in a wavelength scanning) or by intensity measurement
(reflectivity intensity in angular or wavelength interrogation) [155,
158].

Changes in the refractive index depend on the analyte molecular
weight and its intrinsically refractive index in such a way that the SPR
signal has limited sensitivity for small molecules. Besides that, a direct
SPR biosensor can achieve limits of detection at the nM scale but lacks
sensitivity for ultra-low concentrations, which is needed for the diag-
nosis of some diseases. Nanomaterials have been successfully applied for
SPR signal amplification as reviewed in [159]. MNPs have gained
attention as amplification reagents. The pioneering work looks to be
from Teramura et al. [160] who described the signal amplification
(100 xsensitivity than conventional sandwich-type assay) in angular
interrogation sandwich-type assay using MNP-secondary antibody
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Fig. 5. For the CYFRA 21-1 detection, in the mID, the Abl was covalently bound on GO-modified carbon-based electrode (a). The sandwich immunosensor was
formed in two steps: first, the biomarker was captured using Ab2-MNP following by the magnetic separation and washing and then the CYFRA-Ab2-MNP bio-
conjugate was injected in the mID. The pump was stopped, and the CYFRA-Ab2-MNP dispersion was kept for 30 min for the immunoreaction between the biomarker
capture on MNPs and Ab1 presented in the electrode surface. Afterward, the pump was restarted to remove the unbounded MNPs by the PBS flow. Finally, the
detection solution (50 mmol L™ H,0,) was added using the injection valve and the amperometric response was recorded. Amperometric profiles for CYFRA 21-1 in a

microfluidic system using 0.01 mol L™! PBS at -0.3 V vs. Ag/AgCl, following injection of 50 mmol L~

L of H,0, for FeONPs (b) and CoZnFeONPs (d), and corre-

sponding calibration curves for FeONPs (c) and CoZnFeONPs (e). Reproduced with permission from [154].

conjugates. A schematic representation comparing the direct and
sandwich-assay using MNP-secondary antibody conjugates are depicted
in Fig. 6b and ¢, respectively. Fig. 6d and e represent the reflectivity plot
and the SPR sensorgram (signal in function of time) of the respective
direct and amplified assays.

In 2007, Sun et al. [161] reported the signal amplification using MNP
in SPR direct assays. The sensor was functionalized with MNP-coupled

antibodies instead of the sole antibody. Despite the easy immobiliza-
tion of the antibodies to the sensing surface by the action of an external
magnetic field, the sensitivity of the wavelength modulation SPR sensor
was enhanced by shifting the resonance wavelength towards a longer
wavelength. Since that, several works have been published concerning
the application of MNP in SPR sensing in different approaches including
core-shell nanocomposites with Au and Ag nanoparticles [162-165],
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Table 2
Summary of some recently published works on MNP-based electrochemical biosensors.
Platform Analyte MNP role Interrogation Range of detection Limit of Ref.
method detection
Magnetic bead/antibody/AuNPs Salmonella Binding of target and Differential pulse 100-700 100 [134]
immobilised on carbon electrodes concentration at electrode voltammetry cells ml~? cells ml~!
Superparamagnetic particle/antibody on Estrogen receptor  Binding of target/HRP, Amperometry 16.6-513 fg ml ! 10 fg ml! [135]
carbon electrodes in microfluidic cell alpha concentration at electrode
Streptavidin modified magnetic beads PSA Binding of target and Amperometry 5-100 ng ml~? 1.86 ng ml~! [136]
immobilized on screen-printed electrodes concentration at the electrode
Antibody modified magnetic beads PSA Binding of target and Rotating disc 0-40 ng ml~! 0.5 pg ml~! [138]
immobilized on AuNP electrodes concentration at the electrode amperometry
Streptavidin-magnetic beads modified with IL-6, IL-8 Binding of target/HRP, the Amperometry IL-6 IL-6 [139]
enzyme and antibody on AuNP electrodes concentration at the electrode 0-5000 fg ml~* 5 fgml~!
IL-8 IL-8
0-3750 fg ml ! 7 fgml~!
Antibody modified magnetic beads on Breast cancer Binding of target and Amperometry antiCD81 10° exosomes [143]
magnetic electrodes exosomes concentration at the electrode 102-10° exosomes ul™!
ul~! in serum
Antibody modified magnetic beads on Breast cancer Binding of target and Amperometry antiCD24,/CD340 antiCD24 [145]
magnetic electrodes exosomes concentration at electrode 2x10%2x107 1.94x10°
exosomes ul~! in antiCD340
serum 1.02x10°
exosomes ul !
Magnetic bead/antibody/CNT/CdSe on GCE ~ Carcino Binding of target and Square wave SWV 5 pg ml~1-50 SWv [146]
Embryonic concentration at the electrode voltammetry ng ml~! 1.7 pg ml~?
Antigen Fluorescence Fluor 1 pg ml~1-20 Fluor
ng ml~! 0.25 pg ml™?
Antibody modified Fe;O4 core-shell particles ~ PSA Electrode modification and Differential pulse 1 pg ml~1-100 0.45 pg ml™? [149]
on GCE target binding voltammetry ng ml~!
Antibody modified Fe304 particles on PSA Binding of target and catalytic =~ Amperometry 61 fg ml~1-3.9 15 fg ml~? [152]
graphene oxide effect pg ml~! or 9.8-624 or 4.9 pgml~!
pgml™!
Superparamagnetic particle/antibody on PSA, IL-6 Binding of target/HRP, Amperometry PSA PSA 0.23 [153]
carbon electrodes in microfluidic cell concentration at electrode 0.225-20 pg ml~! pg ml!IL-6
IL-6 0.30
0.3-15 pg ml ™! pgml!
Antibody modified Cog 25Zng 75Fe204 CYFRA 21-1 Binding of target and catalytic Amperometry 3.9-1000 fg ml?! 0.19 [154]
particles on carbon electrode effect fg ml~!
*IL = Interleukin, PSA = Prostate specific antigen
Ligand
(biorecognition element)
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Fig. 6. Schematic of the prism-coupling Kretschmann configuration (a). 0: incident angle. Representation of the direct-immunoassay (b) and sandwich-assay by

MNP-coupled detection antibody (c). Comparison between the SPR response for direct and MNP-based sandwich-assay: reflectivity measurement (d) and real-time
monitoring of the SPR response (e) by angular (A6) or wavelength interrogation (AL).

surface plasmon-enhanced epifluorescence detection [166], among
others. A summary of the recent works concerning the MNP use in SPR
sensors is presented in Table 3.

Besides the signal amplification, MNPs exhibit unique magnetic
properties to allow the analyte capture, purification, and concentration
from complex matrixes. As the body fluids (e.g. plasma, urine, and stool)
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Table 3
Summary of the recently published works on MNP-based SPR biosensors.
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Architecture [reference] Analyte SPR Mode*/ MNP role Achievement compared to Limit and range of
interrogation traditional SPR detection
Sandwich assay: Fe;04@ Au thrombin Angular Signal amplification SPR angle shift enlarged 5 times 0.6 nM (0.1 - 100
nanoparticles functionalized with interrogation compared to the control group without ~ nM)
Apt2. Sensor surface-functionalized the nanoparticles (at 100 nM)
with Aptl [162]
Sandwich-assay: Fe3O4 MNP Salmonella Angular Preconcentration, signal 4 orders of magnitude improvement in ~ Lower than 14 CFU
functionalized with capture Ab. enteritidis interrogation amplification sensitivity compared to the direct SPR (1.4x10* -
Sensor surface-functionalized with 1.4x10° CFU
detection Ab [176] mL™ )
Sandwich-assay: Fe304@ Au CFP-10 Angular Signal amplification The limit of detection by direct 0.1 ngmL~! (0.1 -
nanoparticles functionalized with (tuberculosis) interrogation detection was 0.1 pg mL™* 100 ng mL ™)
Ab2 for sandwich-assay. Sensor
surface-functionalized with Ab1l
[181]
Sandwich-assay: commercial MNP Extracellular Grating-coupled/ Preconcentration, No response by direct SPR assay in the  0.76 pg mL™! (0.76

linked to the EVs. Au sensor vesicles (EVs) wavelength overcomes slow-diffusion- same range -3.0pgmL™Y)
functionalized with anti-CD81 [171] interrogation limited mass transfer, signal
amplification
Indirect competition assay: mAb-MNP Estradiol (E3) Angular Signal amplification The lower limit of detection and wider ~ 0.814 ng mL ™!
incubated with different interrogation range than without MNP (with a limit (1.953-2000 ng
concentrations of E; and injected of 3.24 ng mL~" and range of mL™1)
through the Au sensor modified with 3.906—-1000 ng mL™1)
E,-BSA [183]
Combined direct SPR and plasmonically ~ Extracellular Grating-coupled/ Preconcentration, Combined SPR and fluorescence -
enhanced fluorescence (PEF) readout: vesicles (EVs) wavelength overcomes slow-diffusion- detection. 2-fold signal improvement
EV analyte was first bound to MNP interrogation limited mass transfer, signal  for the propagating surface polaritons
via lipid-binding protein CTB with amplification coupling with the fluorophores in PEF
biotin tags [166] measurements and signal-to-noise ratio
2.4-fold higher with the SPR assay than
PEF
Sandwich-assay: polydopamine- Rabbit IgG wavelength Signal amplification The lowest concentration detected was ~ 0.019 pg mL ™!
Ag@Fe304/reduced graphene oxide interrogation 132 times lower than the MPA-based

bind to Ab2. Gold sensor surface-
functionalized with hollow gold
nanospheres (HGNPs) and anti-rabbit
1gG (Aby) [179]

gold sensor

*ATR prism-coupled SPR otherwise mentioned.

are a complex mixture of proteins, lipids, and many other components
that can both hamper the analyte association to the surface or bind
nonspecifically to the sensing surface. These steps are especially
important to detect ultralow concentrations, in which the background
signal from the matrix can hamper a lower limit of detections. In 2009,
Soelberg et al. [167] described the detection of pg level of Staphylococcal
enterotoxin B (SEB) from stool samples using MNP-conjugated anti-SEB.
Incubation steps followed by four washing steps were performed using a
permanent magnet to allow sequential elution and washing of residues.
The MNP-anti-SEB-analyte conjugates were isolated by the permanent
magnet, eluted in PBS, and run through the capture Ab-functionalized
sensing surface [168].

Before citing the advantages of using MNP in SPR platforms in detail,
some drawbacks may be raised. Compared to the gold nanoparticles
(AuNP), the surface chemistry of the MNP does not allow the direct
biomolecules anchoring, which has been solved with shells of Au [169,
170] or by using streptavidin-biotin interaction [160,171]. Additionally,
special attention should be given to the stability of the nanoparticles
once they tend to easily agglomerate. Despite these few difficulties, the
benefits of using MNP in SPR sensing platforms are summarized as:

(i) external magnetic field-induced sensor functionalization or ana-
lyte attraction;
(ii) signal amplification in sandwich-type assays;
(iii) purification and enrichment from complex matrixes (decreased
background signal);
(iv) other advantages as low-cost, easy synthesis, and commercial
availability of biologically modified-MNP.

10

3.2.1. External magnetic field-induced protein immobilization or analyte
attraction for direct assays

Molecules coupled to MNP can be rapidly attracted to the sensing
surface by using a permanent magnet placed behind the sensing surface.
Although it is easier to approach the permanent magnet in grating-
coupled SPR platforms (flat surface, no need of prism) [166,172,173],
magnetic pillars have been successfully used by placing them under the
prism in Kretschmann configuration [163,165,169]. MNPs have been
used to achieve effective and fast immobilization of the capture antibody
on the sensing surface in direct SPR assays. In this setup, antibodies are
conjugated to the MNP and further flowed to the channel under the
action of a magnetic pillar [161,169,170]. These direct assays are
especially interesting in MNP-AuNP nanocomposites because while the
MNP provides the magnetic-driven carrier, AuNP confers enhanced
sensitivity because they have their surface plasmons due to the collec-
tive oscillation of their conduction electrons (localized surface plasmon
resonance - LSPR). The coupling of the localized surface plasmons and
the propagating surface plasmons provides an amplified SPR signal
[174,175]. This also leads to the resonant wavelength moving to a
longer wavelength resulting in an enhancement of the sensitivity in
wavelength interrogation SPR [156]. The Au shell also provides an easy
protocol for antibody anchoring by the well-established thiol-function-
alization followed by NHS:EDC chemistry [170]. Filipczak et al. [163]
immobilized MNP/Ag/Au nanocomposites on the sensing surface
achieving a redshift of the resonant wavelength (improved sensitivity).
The nanocomposite conjugated with anti-dog IgG allowed detection of
dog IgG from 0.15 to 40.00 pg mL ™!, while the control sensor was based
on the thiol-functionalization with MPA/antibody sensor, responded
from 1.25 to 20 pg mL™}, with a limit of quantification about 8 times
lower using the nanocomposite based sensor. Another advantage of
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using magnetic force-driven immobilizing of antibodies is related to the
reuse of the sensors, which is quite costly. After switching off the mag-
netic field, washing and flushing steps with water or buffer can effec-
tively remove the MNP-antibody composites from the sensor surface
[161,[169,170] for further introduction of new conjugates.

Besides the antibody immobilization, MNPs were used as “vehicles”
for the rapid delivery of the target § human chorionic gonadotropin
(BhCG) from the sample to the sensor surface [173]. MNPs were con-
jugated to the detection antibody (dAb) and further incubated with
BhCG (analyte). The complex MNP-dAb-BhCG was flowed through the
capture antibody functionalized Au sensor with an applied magnetic
field gradient (0.10 T mm ). After switching off the magnetic field and
proper washing, the sensor response was determined. The speed of the
MNP-dAb-phCG under magnetic field was calculated to be 6 x 1072 mm
s~2, which is 13- and 180-fold faster than the diffusion rates of hCG and
MNP (of 4.8 x 10 2 and 3.3 x 10 *mm s’l), respectively. Furthermore,
an improved sensitivity by 4 orders of magnitude compared to direct
SPR was achieved, with a limit of detection below pM [173].

Reiner et al. [171] demonstrated a grating-coupled SPR system for
extracellular vesicles (EVs) detection. The analyte was pre-concentrated
by binding to MNP via lipid-binding proteins (Fig. 7a-1). The EV-MNP
conjugate interacts with the antibody (anti-CD81) functionalized to
the gold surface (2) allowing the detection by the optical system based
on grating-coupled SPR (3). The presented setup combined an increased
mass transfer rate and amplified refractive index changes. The sensor
assembly was demonstrated by the sensorgram in Fig. 7b with the dif-
ference in SPR wavelength (8Aspr) before and after the anti-CD81
immobilization and proper washing and blocking of non-specific sites.

Applied Surface Science Advances 6 (2021) 100163

A negative control composed of MNP without EVs was run to demon-
strate the specific response to the EVs. The sensorgram in Fig. 7c shows
that after injection of the control sample of MNP under magnetic field
action, the SPR signal decreases (between tl e t2) with the MNP
attraction to the sensor surface. After removing the magnetic field, the
Aspr returns gradually to the baseline value. This is related to the strong
light absorption from the MNPs and can be verified as a broader and
tilted SPR dip in the reflectivity curves in Fig. 7d when MNP are
immobilized, in t2, t4, and t5). When the EV-MNP sample was run, a
permanent S\gpr was verified even after removing the magnetic field
[171].

3.2.2. Signal amplification in sandwich-type assays

Signal reagent amplification based on secondary antibody-
nanoparticles conjugates has demonstrated successful results in ultra-
sensitive SPR sensing due to the increased refractive index change
caused by the mass increase at the interface. High mass and refractive
index iron oxides MNP have been applied as amplifying reagent in SPR
sandwich-assays for bacteria detection [168,172,176], tumor markers
[164,177], hormones [160,173], proteases [162,178] and immuno-
globulins [179].

Sandwich-assays based on MNPs amplification is based on the
attachment of secondary antibodies to the heavy MNP. The conjugation
of the secondary antibodies to the MNP surface is not-so-well established
as-is for AuNPs. Different strategies can be used to anchor the detection
proteins to the MNP surface, including biotin-labeled secondary anti-
body and streptavidin-conjugated MNP [160]. An additional shell of Au
for easy thiol-functionalization by EDC:NHS chemistry [169,170], the
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Fig. 7. (a) Schematic of the grating-coupled SPR sensor system and assay. (1) pre-incubation of the extracellular vesicles (EV) with the biotinylated lipid-binding
ligand (b-ligand) and streptavidin (SA) coated magnetic nanoparticles (MNP). (2 Surface chemistry on the gold sensor for affinity binding of the target. (3) Opti-
cal setup of the MNP-enhanced SPR assay and the system allowing the pulling of the target analyte to the sensor surface. SAM: self-assembled monolayer, SP: surface
plasmon, L: lens, POL: polarizer, BS: beam splitter, GC-SPR: grating-coupled surface plasmon resonance. (b) SPR sensorgram for the gold sensor functionalization
with anti-CD81. EG: ethyleneglycol, PBS: phosphate buffered saline, EDC: N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide, NHS: N-hydroxysuccinimide. (c) SPR
sensorgram using anti-CD81 functionalized Au sensor with the injection of negative control (MNP without EVs) under a magnetic field gradient (+B), after incubation
of 10 min the magnetic field was removed (-B), the surface was washed by flushing. Then, sample (MNP+EV) was injected under a magnetic field (+B), incubated for
10 min, magnetic field was removed for washing. 8Aspr: SPR response change caused by MNP-bound EVs binding to the surface; mRIU: mili refractive index units,
PBST or PBSTB: phosphate buffered saline with Tween 20 or Tween 20 and bovine serum albumin. (d) Wavelength reflectivity spectra from different time-points

indicated in the sensorgram. Reproduced with permission from [171].
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shell of SiOy for further 3-aminopropyltrimethoxysilane (APTMS)
modification [165] and copper-catalyzed alkyne-azide cycloaddition
[180].

Li et al. [179] used a hollow gold nanoparticle (HGNPs)-modified
gold sensor to anchor the capture antibody (Ab;) thus inducing elec-
tromagnetic coupling between the HGNPs and the gold surface. After
interaction with different concentrations of IgG sample, a conjugate
formed by the detection antibody (Aby) with polydopamine deposited
on the core-shell structure of the silver-FesO4 was distributed to the
reduced-graphene oxide (PDA-Ag@Fe304/rGO), then used for detection
and amplification. The Aby-PDA-Ag@Fe304/rGO conjugate is easily
prepared since the magnetic field was used for isolation and washing
protocols. A limit of detection of 0.019 pg mL~! was achieved, which is
132 and 16 times less than those obtained with conventional direct SPR
and Au-HGNPs (without the sandwich approach), respectively.

Zou et al. [181] developed a sensor for tuberculosis using
magneto-plasmonic nanoparticles (MPNs) with three different mor-
phologies (sphere, short spiky, and long spiky) of Fe304@AuNPs com-
posites. The sandwich SPR immunoassay was constructed by the
immobilization of anti-CFP-10 (Ab1) onto the Au sensor chip via Au-S
bonds. After incubation with the target protein CFP-10, the MPNs-Ab2
conjugate was flowing to signal amplification (schematic in Fig. 8a).
Fig. 8b depicts the SPR angle shift due to the Abl immobilization onto
the gold chip and proper washing and blocking. Comparing the three
different shapes (Fig. 8c), the spherical MPNs demonstrated the best
performance in signal amplification. Fig. 8d depicts the sensorgrams for
the detection of CFP-10 between 0.1-100 ng mL™'. The limit of detec-
tion was 0.1 ng mL™'. In the same concentration range, the detection
was impossible without the MNP-based sandwich assay [181].
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3.2.3. Signal amplification by decreasing the background signal
Overcoming the interference from complex matrixes as a serum,
saliva, and stool is important to reduce the background signal and so
achieve low limits of detection as demanded diagnosis of many impor-
tant analytes. Many compounds in these complex samples can impede
the binding of the analyte to the SPR sensor as well bind nonspecifically
to the surface, interfering with the signal [168]. MNPs have been applied
for magnetic-assisted separation of many biological analytes such as
cells, nucleic acids, and proteins [121,182]. Usually, the magnetic sep-
aration is performed by adding MNP functionalized with affinity ligands
towards the target directly to the sample, and after an incubation time,
the target molecules or cells are bound to the MNP forming stable
magnetic complexes. Non-desired compounds can be washed and
removed from the solution while a magnetic separator (permanent
magnet) is used to separate the magnetic complex [182]. For the SPR
measurements, the MNP-target complex can be directly flowed to the
sensor surface properly functionalized, for example, with a capture
antibody [168,176]. Indeed, MNP can provide both easy analyte sepa-
ration and signal amplification in sandwich-type SPR immunosensors.
Liu et al. [176] demonstrated that antibody-functionalized Fe3O4
MNPs (immunoMNPs) can selectively recognize and isolate Salmonella
enteritidis from a sample matrix. The immunoMNPs were incubated with
samples containing bacteria in a 37 °C water bath for 40 min. After the
S. enteritidis capture by the immunoMNP, the separation was performed
using a  magnet. After  redispersion in  PBS, the
S. enteritidis-immunoMNPs suspension has directly flowed over the SPR
sensor chip functionalized with the PAb (polyclonal anti-Salmonella
antibody). S. enteritidis was detected at concentrations as low as 14
CFU/mL with a linear relationship between 1.4 x 10-1.4 x 10°
CFU/mL. The sensitivity was improved 4 orders of magnitude compared
to the regular SPR. A test performed in eggshell demonstrated recovery
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of 92.76-113.25% [176].
4. Conclusion

In recent years there has been a large increase in the research and
development on magnetic nanoparticles for biomedical applications.
The ability to control particle size, shape, and surface functionality of
the NPs has led to a widespread investigation into potential uses. Mag-
netic nanoparticles also have the advantages that they can be used in
applications such as hyperthermia treatment and can also be specifically
targeted to a specific location within the body by an alternating mag-
netic field. MNPs have a high surface area to volume ratio that allows
high levels of substitution making them ideal for drug delivery, and their
ability to be incorporated into composites such as magnetic hydrogels or
liposomes increases their biocompatibility and potential medical
applications.

One potentially great benefit for MNPs is that they could be highly
suitable for a combined attack on diseases such as cancer, where the
MNP could be used as a combined hyperthermal and drug delivery agent
rather than two separate treatments. One can envisage a treatment
where magnetic fields are used to locate funtionalized MNPs into a
tumor, magnetic hyperthermia used to destroy the tumor, and then
therapeutic drugs released by the MNPs to treat any remaining traces.

Some issues remain to be solved with these systems. Firstly the size
and shape of these MNPs will have great effects on their efficiencies, and
suitable synthetic procedures need to be developed, and the resultant
materials studied to determine optimal behavior. Aggregation of MNPs
is also an issue since it can affect their efficiency and potential toxicity.
Toxicity studies will need to be addressed, although the iron oxide
nanoparticles are thought to be much less toxic than many other
nanoparticle types proposed for biomedical applications.

Although much work on magnetic hyperthermia and drug delivery
using MNPs have been carried out in animal models, translating this into
suitable treatments for human patients remains the major challenge.
Assessments have to be made of the effects of MNP size, shape, substi-
tution, and dosage before they can be widely applied. Toxicity issues
need to be addressed and resolved. Initial applications of MNPs in hy-
perthermia and drug delivery treatments have been successful in the
laboratory, but before clinical use, wide in vitro and in vivo trials com-
bined with toxicity and long-term MNP stability tests need to be carried
out. Mathematical modeling may also prove to be of use in addressing
these issues.

However, so far, MNPs have demonstrated their ability to be syn-
thesized and functionalized almost to order, and a large number of proof
of concept trials determined their potential as a new species of effective
therapeutic agents for many debilitating and life-threatening illnesses. It
seems almost inevitable that we will see these types of treatment
becoming much more common in the future.

Concerning biosensors, they have shown to be excellent in sample
treatment, due to that can separate the analyte from complex samples
(urine and blood) and pre-concentrate it on the surface of the electrode,
increase signal and selectivity. One of the biggest challenges is to find
the appropriate size, shape, and coating to make it biocompatible, sta-
ble, and successfully adhere to biomolecules of interest. Also, the coating
plays an essential role in various applications: being highly biocom-
patible and stable, it would allow the adhered biomolecules to remain
active for longer within the body and satisfactorily controlling their
release or remaining attached for long periods to be stored and used for
diagnosis. Another essential advantage of magnetic nanoparticles is that
they can be used for the detection of cancer. The magnetic nanoparticles
are coated with antibodies targeting cancer cells or cancer-associated
biomolecules; this can be used as biosensors. For example, a blood
sample can be injected onto a microfluidic chip, including magnetic
nanoparticles in it. These modified magnetic nanoparticles react with
the analyte of interest, giving an analytical response, and the remainder
of the blood sample flows freely in the microfluidic systems [184].
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FDA-approved applications of iron oxide nanoparticles include cancer
diagnosis, cancer hyperthermia therapy, and iron deficiency anemia
[185]. Additionally, magnetic nanoparticles have been proposed as such
a tool against the fight against COVID-19 [186,187], and they have been
explored to remove pathogens or viral particles from contaminated
water, blood plasma, or others sources [188-190].
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