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Abstract
During the ongoing COVID-19 pandemic, the development of point-of-care (POC) detection with high sensitivity and rapid 
detection time is urgently needed to prevent transmission of infectious diseases. Magnetic nanoparticles (MNPs) have been 
considered attractive materials for enhancing sensitivity and reducing the detection time of conventional immunoassays due 
to their unique properties including magnetic behavior, high surface area, excellent stability, and easy biocompatibility. In 
addition, detecting target analytes through color development is necessary for user-friendly POC detection. In this review, 
recent advances in different types of MNPs-based immunoassays such as improvement of the conventional enzyme-linked 
immunosorbent assay (ELISA), immunoassays based on the peroxidase-like activity of MNPs and based on the dually 
labeled MNPs, filtration method, and lateral-flow immunoassay are described and we analyze the advantages and strategies 
of each method. Furthermore, immunoassays incorporating MNPs for COVID-19 diagnosis through color development are 
also introduced, demonstrating that MNPs can become common tools for on-site diagnosis.

Keywords  Magnetic nanoparticles · Immunoassay · Point-of-care detection · COVID-19

1  Introduction

Due to the worldwide COVID-19 pandemic, the rapid and 
accurate diagnosis of diseases has become a critical factor 
to prevent the spread of diseases between persons and com-
munities. Currently, reverse transcription polymerase chain 
reaction (RT-PCR) is the standard method for detecting 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2), the virus that causes COVID-19. Although the 
RT-PCR has high sensitivity and reproducibility to detect 
the virus, it takes a long time and requires expensive instru-
ments as well as professional labor [1]. Immunoassay-based 
rapid diagnosis detection kits (RDTs) for SARS-CoV-2 have 
been actively developed and widely used as point-of-care 

(POC) diagnosis; however, false-negative cases have been 
frequently reported for RDTs [2]. Developing rapid diagno-
sis detection methods with high sensitivity and specificity 
is thus urgently needed [3]. In addition, the development of 
ultrasensitive detection methods enables non-invasive and 
painless sampling (e.g., saliva sampling), which is particu-
larly suitable for young children.

Recently, iron oxide magnetic nanoparticles (MNPs) have 
received interest as promising materials for rapid and high-
sensitive diagnosis methods due to their unique properties 
[4]. First, MNPs act as “nano-magnets” with the presence 
of an external magnet. They move rapidly toward the exter-
nal magnet while their magnetism is instantly lost when the 
magnetic field is removed [5]. Second, it is well acknowl-
edged that MNPs are stably conjugated with various bioma-
terials without losing their magnetic properties. Because of 
these capabilities, MNPs allow magnetic pre-concentration 
of target materials from a very dilute concentration via 
two steps: (i) target materials interact with bioconjugated 
MNPs, and (ii) target material-bioconjugated MNPs are col-
lected with an external magnet and re-dispersed into a small 
volume of matrix for the pre-concentration of samples to 
improve the detection sensitivity. In addition, MNPs offer 
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low background noise, since the biological molecules that do 
not interact with MNPs are non-magnetic [6]. Furthermore, 
MNPs offer high surface area, which can allow fast detection 
time via rapid interaction between the target materials and 
bioconjugated MNPs. Indeed, MNPs have been effectively 
applied to rapid and highly sensitive detection for a broad 
range of target analytes from viruses [7, 8] and bacteria [9, 
10] to food allergen [11, 12]. Furthermore, it is worth noting 
that the latest studies have incorporated MNPs-based immu-
noassays with a CRISPR (clustered regularly interspaced 
short palindromic repeats)/Cas system, which is an attractive 
method for specific recognition of infectious bacteria and 
viruses [13, 14]. For example, Kim et al. [13] applied MNPs 
to a CRISPR/Cas system combined with surface-enhanced 
Raman scattering (SERS) assay to detect multidrug-resistant 
(MDR) bacteria. In the assay, MNPs achieve high sensitivity 
because their superparamagnetic properties provide effective 
separation and purification of target samples and are appli-
cable to SERS. MNPs were also applied to a CRISPR/Cas 
system to detect Salmonella typhimurium (S. typhimurium) 
in food samples [14]. In this study, polyclonal antibody-
conjugated MNPs allow for magnetic separation of target 
bacteria, achieving rapid and ultrasensitive detection.

Considering that these unique properties of MNPs are 
key advantages for immunoassays, review papers have intro-
duced the recent development of MNP-based immunoassays 
and many of them mainly focused on immunoassays incor-
porating biosensors. These require extra instruments, such 
as electrochemical or fluorescent analysis, nuclear magnetic 
resonance (NMR), superconducting quantum interference 
device (SQUID), and giant magneto-resistance (GMR) [5, 
15–17]. On the other hand, detecting the target material via 
the naked eye through color development is a user-friendly 
and low-cost POC detection method. Thus, this review 
focuses on the different types of MNP-based immunoassays 
for POC detection via color development and describes the 
fundamental theory and MNP characteristics for the applica-
tion of MNPs to each type of immunoassay. Furthermore, 
recent developments of MNP-based immunoassay for 
COVID-19 diagnosis via color development are described 

and their strengths compared to the conventional diagnosis 
method are analyzed. Before describing the different types of 
MNPs, this review begins with a brief introduction of MNP 
preparation methods for immunoassay applications.

2 � Preparation of MNPs for Immunoassay 
Applications

2.1 � MNP Preparation

Most core MNPs applied in immunoassays are in iron oxide 
form such as magnetite (Fe3O4) or maghemite (γ-Fe2O3). 
Although such MNPs with various sizes, shapes, and sur-
face functionalities are commercially available, many home-
made MNP synthesis approaches have been introduced [18, 
19] and MNPs conjugated with metals/inorganics as nano-
composites recently have drawn attention [20, 21]. Since 
MNP synthesis via chemical co-precipitation was originally 
reported [22], this has been widely used as a facile and con-
venient synthesis strategy in various applications including 
immunoassays (Fig. 1a) [23–26]. Thermal decomposition is 
preferred to synthesize the monodispersed magnetic nano-
particles of the order of nanometers (Fig. 1b) [27]. Although 
a high area to volume ratio is favorable for capturing target 
components and enhancing the sensitivity, MNP size control 
is desirable as MNPs could lose their superparamagnetic 
property as the size decreases [28, 29]. To enhance the mag-
netic property while keeping small MNPs, microbeads as a 
cluster of MNPs in a confined space have been utilized [30].

2.2 � MNPs Incorporated in Biomaterials

Since MNPs in the form of iron oxide have been used as a 
tool for cancer treatment via hyperthermia for decades [31], 
many researchers have reported conjugation with a ligand of 
high affinity to cancer cells [32, 33]. Recently, antibodies or 
engineering antibodies targeting the antigens of interest have 
been incorporated with MNPs as a diagnostic tool [5]. In 
particular, the selection of an antibody as a specific receptor 

Fig. 1   Depiction of the a co-precipitation method and b thermal decomposition method
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is critical to enhance diagnostic sensitivity. The selected anti-
body can be incorporated with the MNP surface via direct 
covalent bonding such as N-(3-dimethyllaminopropyl)-N′-
ethylcarbodiimide hydrochloride/N-hydroxysuccinimide 
(EDC/NHS) chemistry [34], multi-polymer layer reaction 
as an engineered building block [35], and protein-mediated 
bonding [36] (Fig. 2) and sufficient coating of the antibody 
MNP is important to prevent the exposure of the bare MNP 
surface to the environment, which would lead to MNP 
alteration and other interactions deteriorating the diagnos-
tic sensitivity.

2.3 � Confirmation Method for Bioconjugation 
of MNPs

To ensure the successful conjugation of antibodies with 
MNPs, protein estimation is typically followed and most 
approaches are based on the direct or indirect color change 
caused by specific binding with a third compound. The 
Bradford method, which utilizes dye binding to the target 
protein and subsequent colorimetric monitoring, is the clas-
sical protein estimation method [37]. It has been widely 
adopted in various antibody-conjugated MNPs [38–42] and 
the antibody-binding efficiency was verified up to 94.5% [7]. 
A phosphatase method utilizes alkaline phosphatase-linked 
secondary antibody incubated at room temperature and then 
conjugated with the primary antibody on the MNP surface. 
The resultant phosphatase-conjugated antibody–MNPs react 
with p-nitrophenyl phosphate solution and the absorbance 
can be measured at 405 nm [10]. Other fluorescent link-
age methods have been recently introduced for faster and 
easier protein estimation. For example, a cytometric-based 
method using herceptin that increases fluorescence intensity 
was used to confirm antibody conjugation [43].

3 � Immunoassays Based on MNPs

In this section, we introduce recent advances in MNP-based 
immunoassays that can be applied to point-of-care diagno-
sis. MNPs-based immunoassays are categorized into five 
types: (1) improvement of the conventional enzyme-linked 
immunosorbent assay (ELISA), (2) immunoassays based 
on the peroxidase-like activity of MNPs, (3) MNP–anti-
body–horseradish peroxidase (HRP) coating method, (4) 
filtration method, and (5) lateral-flow immunoassay. Figure 3 
shows a schematic diagram of each immunoassay. Table 1 
summarizes the analytical target, type of MNPs and antibody 
used for conjugating MNPs, and detection range/detection 
limit of MNP-based immunoassays. We also provide Table 2 
presenting the MNP size used for different types of MNP 
immunoassays and the achieved detection time.

3.1 � MNP‑Based ELISA Incorporating Enzyme–
Antibody Conjugates

Enzyme-linked immunosorbent assay (ELISA) is a sim-
ple, sensitive, and versatile assay mainly for the quantita-
tion of various antigens and antibodies [44]. Conventional 
ELISA assay has been widely used for decades for analytical 
methods in viruses [45, 46] and bacteria detection [47, 48], 
monitoring of environmental pollutants [49, 50], and food 
allergens [51, 52]. As shown in Fig. 3a, indirect and sand-
wich types of ELISA are mainly used. In indirect ELISA, 
antigens are first fixed on the plate well and then the pri-
mary antibody and enzyme-conjugated secondary antibody 
are attached. In the sandwich type of ELISA, captured anti-
bodies are fixed on the plate well, followed by attachment 
of antigens and primary antibody and enzyme-conjugated 
secondary antibody are attached in order. While ELISA 
is simple and cost effective and has high throughput and 
reproducibility [53], a relatively high detection limit and 
a long analysis time are the main drawbacks. To improve 
the shortcomings of ELISA, MNPs have been applied to 
the immunoassays where they mainly act as solid supports 

Fig. 2   Schematic illustration of the immobilized native antibody on carboxymethyl-dextran coated MNPs via EDC/NHS chemistry
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for primary antibodies [7–9, 11, 53, 54]. These MNP-based 
ELISA significantly lowered the detection limits and short-
ened the analysis time due to the following reasons: (i) the 
well-dispersed antibody-conjugated MNPs have high surface 
area, which allows faster reactions between antibodies and 
antigens, (ii) since MNPs are easily manipulated with an 
external magnet, antigens captured by antibody-conjugated 
MNPs can be rapidly separated and preconcentrated, which 
increases the sensitivity of the immunoassays (Fig. 3a).

For example, Castilho et al., [7] developed magneto-
based ELISA for the detection of Plasmodium falciparum 
histidine-rich protein2 (HRP2). They first conjugated 
IgM monoclonal antibodies onto 300 nm MNPs (anti-
HRP2–MNP conjugates). Plasmodium falciparum HRP2 
proteins were incubated with anti-HRP2–MNP conjugates 
in 96-well plates, followed by attaching secondary anti-
bodies (anti-HRP2 IgG antibody) labeled with the enzyme 
horseradish peroxidase (HRP). An external magnet was 
then applied to collect anti-HRP–MNP conjugates inter-
acting with antigens (Plasmodium falciparum HRP2) and 
secondary antibodies with HRP. A substrate solution that 
includes H2O2 and 3,3′,5,5′-tetramethylbenzidine (TMB), 
which reacts with HRP to the assay and yields a blue color 

(λmax = 650 nm), was then added. Optical measurements 
were conducted after adding 2 M of H2SO4 to stop the 
enzymatic reaction, which changes the color from blue to 
yellow (λmax = 450 nm). The 450 nm absorbance linearly 
increased with increasing Plasmodium falciparum HRP2 
concentrations in a range from 0.35 to 7.81 ng mL−1 with 
a limit of detection of 0.35 ng mL−1, which is one order 
of magnitude lower than other conventional ELISA. Very 
recently, Sánchez-Cano et al. [8] successfully developed 
magneto-ELISA for sensitive quantification of Plasmo-
dium falciparum lactate dehydrogenase (PfLDH) using 
ant-PAN Plasmodium LDH monoclonal antibody–mag-
netic bead conjugates, detection antibody, and poly-HRP 
as an enzymatic signal amplifier and achieved a low 
detection limit of 0.02 ng mL−1 and rapid detection time 
(< 15 min).

In addition to virus detection, other biomaterials such 
as bacteria [9], metabolite of mold fungi [53, 54], and food 
allergens [11] have been analyzed by magneto-ELISA with 
low detection limits and fast diagnosis times. The MNP 
size used for developing magneto-ELISA and detection 
times are summarized in Table 2.

Fig. 3   Schematic illustration of the immunoassays based on the magnetic nanoparticles. a Improvement of the conventional ELISA, b peroxi-
dase-like activity of MNPs, c MNPs–antibody–HRP conjugates, d filtration, and e lateral-flow immunoassay
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3.2 � Immunoassays Based on the Peroxidase‑Like 
Activity of MNPs

As described in Sect. 3.1, both conventional ELISA and 
magneto-ELISA use enzymes such as horseradish peroxi-
dase (HRP) for the color development resulting from the 
catalytic activity. However, in 2007, Yan’s group first dis-
covered that MNPs themselves have intrinsic peroxidase-like 
activity, as Fe2+ /Fe3+ ions on the surfaces of MNPs can act 
as a catalyst for the breakdown of hydrogen peroxidase [55]. 
Indeed, they showed that MNPs oxidize various peroxidase 
substrates such as 3,3′,5,5′-tetramethylbenzidine (TMB), di-
azo-aminobenzene (DAB), and o-phenylenediamine (OPD) 
in the presence of H2O2, and the optimal catalytic activ-
ity appeared at pH 3.5 and 40 °C, which are very similar 
to the optimal conditions for HRP. Thus, for immunoassay 
application, MNPs are not only magnetic separators, but also 
excellent representatives for HRP, and they are more stable 
than HRP over a broad range of temperature and pH [55]. 
A schematic illustration for the peroxidase-like activity of 
MNPs is shown in Fig. 3b.

After this discovery, many efforts have been made to 
develop immunoassays using the peroxidase-like activity of 
MNPs. For example, Yang et al. [56] showed that amino-
functionalized MNPs possess high peroxidase-like activity, 
and the optimal pH and temperature for the activity are pH 4 
and 40 °C. They successfully conducted colorimetric detec-
tion of human chorionic gonadotropin (hCG) using anti-hCG 
β-conjugated amino-functionalized MNPs (size: 15 nm) 
without HRP usage. MNPs with reactive amino groups on 
their surfaces (size: 10 nm) were applied to a colorimet-
ric immunoassay for detecting rotavirus with a significant 
reduction of the limit of detection (LOD) of rotavirus com-
pared to the conventional ELISA method. Woo et al.  [57] 
detected human breast cells with a slightly higher LOD than 
the ELISA method; however, the MNP-based immunoassays 
take less time than ELISA method because the direct immu-
noassay does not require any cell lysis procedure. Fu et al. 
[58] used 30 nm carboxyl-functionalized MNPs for colori-
metric detection of prostate-specific antigen (PSA) based 
on TMB–H2O2 color development generated by the per-
oxidase activity of MNPs. The color development (UV–Vis 
absorbance at 650 nm) linearly increased with increasing 
PSA concentrations (0–64.0 ng mL−1). This is because the 
higher the PSA concentration, the greater is the number of 
MNPs captured by the capture antibody. On the other hand, 
without using captured antibody, the color development can 
decrease with increasing target concentration. For example, 
when 30 nm chitosan-coated MNPs were incubated with the 
Escherichia coli and Staphylococcus aureus, the color devel-
opment significantly reduced because the peroxidase-like 
activity was hindered by the interaction of the bacteria with 
positively charge MNPs [59]. It is noteworthy that the size 

of MNPs based on their peroxidase-like activity ranged from 
10 to 30 nm, which is small compared with MNPs applied to 
the modified ELISA method (Table 2); this is possibly due 
to (i) smaller MNPs having higher peroxidase-like activity 
due to the high surface to volume ratio, and (ii) it being easy 
to remove unbound smaller MNPs during the washing step.

Recently, the enzymatic activity of MNPs has been 
broadly utilized in a wide range of applications such as 
detection of various biomolecules including glucose, galac-
tose, ascorbic acid [60], nucleic acids [61], and chemicals 
such as alcohols [62].

3.3 � MNPs–Antibody–HRP Coating Method

Since the application of MNPs to the classical ELISA sand-
wich assay requires at least two antibodies (e.g., an antibody 
conjugated with MNPs and a secondary antibody conju-
gated with enzymes or fluorescent dyes) and various serial 
steps, it takes a relatively long time (i.e., more than sev-
eral hours) and the method is complicated for point-of-care 
detection. To simplify the detection method, Baldrich et al. 
proposed dually labeled magnetic particles that are simulta-
neously conjugated with both the antibody and enzyme [63] 
(Fig. 3c). To detect Escherichia coli (E. coli), they synthe-
sized dually labeled magnetic particles (diameter: 1 μm) by 
coating anti-E. coli antibody and HRP in a molar ratio of 1:3. 
With a large target such as bacteria, the target conjugation 
with dually coated magnetic particles generated “enzyme 
shadowing effects”, which means interactions between nano-
particles and bacteria reduces enzymatic activity by block-
ing enzyme substrate access. Color development through 
enzyme reactions thus decreased with increasing bacteria 
concentrations, and the signal decrease was proportional 
to the bacterial concentration within a range of 103–104 
cell mL−1 within 1 h [63], which resulted in a fast one-step 
immunoassay. The advantage of applying the dually labeled 
magnetic particles to the immunoassay is that it achieves 
rapid detection by capturing and reporting the target materi-
als at the same time. In addition, by minimizing the detec-
tion process, it is possible to obtain reproducible results by 
preventing the loss of magnetic nanoparticles in the washing 
steps, which are essential in the MNP-based ELISA.

Mun and Choi [10] also applied dually labeled MNPs 
(diameter: 100 nm) to detect Salmonella typhimurium, but 
they enhanced the detection sensitivity by using filtration 
and modifying detection systems. The MNPs were first con-
jugated with anti-S. typhimurim antibody and HRP with a 
molar ratio of 1:10 (MNP–Ab–HRP). MNP–Ab–HRP was 
then incubated with Salmonella typhimurium, followed 
by passing through a 0.6 μm polycarbonate track-etched 
(PCTE) filter to separate bacteria-bound MNP–Ab–HRP 
from unbound MNPs. The HRP activity from remaining bac-
teria-bound MNP–Ab–HRP was measured by a luminometer 
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system. Since the light intensity of the system is generated 
by particle binding to bacteria via antibody mediation, the 
resultant light intensity increased with increasing bacteria 
concentration with a lower detection limit (10 CFU) and fast 
process time (less than 10 min).

In addition to bacteria detection, dually labeled magnetic 
nanoparticles have recently been applied for virus detection 
[1, 62]. Li and Lillehoj [64] developed an alternating cur-
rent electrothermal flow (ACEF)-enhanced magneto-immu-
nosensor to detect Plasmodium falciparum histidine-rich 
protein 2 (Pf HRP2). They synthesized dually labeled MNPs 
(carboxylated magnetic nanobeads, diameter: 200 nm) which 
were conjugated with HRP and HRP-conjugated anti-Pf 
HRP2 IgG antibodies at 200:1 molar ratio. ACEF mixing 
was applied to the sensor to enhance antigen transport and 
formation of antigen–MNPs immunocomplexes, followed by 
adding TMB substrate to generate an amperometric current. 
It was reported that additional coating of HRP on the dually 
labeled MNPs effectively increased the amperometric signal, 
decreasing the detection limit. The sensor achieved ultra-
fast detection time (~ 7 min) as well as low detection limit 
(5.7 pg mL−1 Pf HRP2 in whole blood). The dually labeled 
magnetic nanoparticles were also used to detect SARS-CoV-
2N protein incorporating with microfluidic chips [1], and the 
details are described in Sect. 4.

3.4 � Filtration

Since antibody-conjugated MNPs selectively attach to the 
target analytes and the size of target–MNPs complexes is 
larger than the unbound materials (e.g., unbound target, 
unbound MNPs, and non-target materials), filtration easily 
separates the target–MNPs complexes and unbound materi-
als. In addition, since the MNPs dispersions are yellowish, 
as more target MNPs remain on the filter support, they show 
more color development and are easily identified with the 
naked eye. The immunoassay using filtration is schemati-
cally shown in Fig. 3d.

Kim et al. [65] used filtration for naked eye detection 
of E. coli O157:H7. They synthesized biotinylated anti-E. 
coli O157:H7 antibody/streptavidin–alkaline phosphatase 
(STA–AP)/MNP conjugates, and then captured and puri-
fied E. coli O157:H7 with biotinylated anti-E. coli/STA-SP/
MNP conjugates. A 1.2 μm nitrocellulose membrane filter 
equipped with a fitted glass support under vacuum pressure 
effectively separated the target–bacteria conjugates (which 
is larger than 1.2 μm) from unbound anti-E. coli/STA–SP/
MNP conjugates. Normal color intensity of bacteria–MNP 
conjugates remaining on the filter increased with increasing 
bacteria concentration from 10 to 104 CFU mL−1, and the 
color can enzymatically amplify with nitroblue tetrazolium 
(NBT)/5-bromo-4-chloro-3-indolyl phosphate (BCIP) pre-
cipitation. The filtration method was also used in Sung et al. 

[66] study for rapid colorimetric detection of Staphylococcus 
aureus (S. aureus) in PBS buffer as well as milk. To sepa-
rate S. aureus-bound MNPs complex from unbound MNPs, 
0.8 μm cellulose acetate membrane filters were used. In this 
study, gold nanoparticles also conjugated with MNPs for 
color amplification, and they reported that the resultant assay 
showed high sensitivity with a detection limit of 1.5 × 103 
for S. aureus in PBS buffer as well as fast detection time of 
only 40 min.

3.5 � Lateral‑Flow Immunoassay

The lateral-flow immunoassay (LFIA) is a rapid, cost-effec-
tive, and convenient diagnostic method and widely used 
for point-of-care detection [67]. Conventional LFIA pads 
consist of a sample pad, a conjugate pad containing cap-
ture antibodies specified for target antigens, a nitrocellulose 
membrane with two capture antibodies for targets (test line) 
and detection antibodies (control line), and an absorbent 
pad. Recently, various types of nanoparticles such as gold 
[68–71], quantum dots [72, 73] and silica nanoparticles [74, 
75] have been applied to the LFIA to increase its sensitiv-
ity and stability. Among various nanoparticles, MNPs are 
also considered attractive materials for the development of 
accurate and sensitive LFIA for the point-of-care detection 
for the following reasons: (1) Due to the superparamagnetic 
property of MNPs, target materials can be rapidly concen-
trated and separated from impurities prior to application to 
LFIA. This significantly increases the detection sensitivity 
and reduces matrix interferences and detection time [5, 76]. 
(2) MNP dispersions exhibit a strong brownish yellow color 
and the color intensity increases with the formation of MNP 
aggregates. Therefore, MNP–target material complexes 
serve as color signals in the MNPs incorporating LFIA, 
simplifying the detection process. (3) Because MNPs have 
stable physical properties over a wide range of temperature, 
pH, and ionic strength, MNPs incorporating LFIA can be 
applicable to regions with harsh environmental condition 
compared to the conventional LFIAs. (4) Signal visibility of 
MNPs incorporating LFIA can be easily enhanced by conju-
gating MNPs with other materials such as gold nanoparticles 
and quantum dots. (5) quantitative detection of MNPs incor-
porating LFIA is possible through reading magnetic signals 
which are stable and highly reproducible [77].

Different from conventional LFIA assays, many MNP-
based LFIA follows two steps: (i) target materials are 
mixed with MNPs conjugated with antibody-forming 
immune complexes followed by applying an external mag-
net to enrich and purify the immune complexes, and (ii) the 
immune complexes are directly applied to the test strip of 
LFIA, which only consists of a working membrane and an 
absorbent pad (sample and conjugate pads are not needed, 
since the immune complexes already contain samples and 
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MNPs with the capture antibody) (Fig. 3e). For example, 
Yin et al. [12] developed MNP-based LFIA for detecting 
the peanut allergen Ara h1. They first synthesized anti-Ara 
h1 antibody-conjugated MNPs and then mixed then with 
samples containing Ara h1 to form MNP–Ara h1 immuno-
complexes. In this step, an external magnet was applied to 
isolate and concentrate the MNP–Ara h1 complexes. The 
samples were resuspended in a running buffer and directly 
applied to the LFIA test strip. The brown-yellow color suc-
cessfully appeared both in test and control lines due to the 
interaction between antibodies immobilized in the test strip 
and the MNP–Ara h1 complexes, and the color intensity lin-
early increased with increasing Ara h1 concentration in the 
range of 0.01–2.5 μg mL−1. They also reported an improved 
limit of detection of Ara h1 in PBS (0.01 μg mL−1) as well 
as Ara h1 from various food samples such as cookies, milk, 
and chocolate. This same type of modified LFIAs based on 
MNPs also effectively detected various target materials such 
as major fish allergen parvalbumin [77], potato virus X [78], 
and mycotoxins [79] with lower visual detection limits com-
pared with conventional LFIAs or ELISA.

4 � Recent Advances of Applications of MNPs 
Immunoassays for COVID‑19 Diagnosis

The ongoing coronavirus (COVID-19) pandemic is an urgent 
threat to global health care, with 446,671,399 confirmed 
cases including 6,024,328 deaths globally, as of March 7, 
2022 [80]. Since the symptoms of COVID-19 are various, 
ranging from mild flu symptoms to life-threatening diseases, 
it is critical to detect COVID-19 at an early stage without a 
false-negative or -positive result [81]. In addition, detecting 
antibodies against COVID-19 is also imperative for identify-
ing people who already have immunity and avoid them being 
quarantined [82]. Currently, reverse transcription polymer-
ase chain reaction (RT-PCR) is a standard method for detect-
ing severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2). Although the RT-PCR method is highly sensitive 
for detecting SARS-CoV-2, it requires expensive laboratory 
instrumentations, trained technicians, and tedious labor [1, 
81]. Thus, for COVID-19 point-of-care application, not only 
high sensitivity but also rapid time and less labor for detec-
tion are required. Currently, many efforts [83–88] have been 
made to detect SARS-CoV-2 proteins (e.g., SARS-CoV-2 
nucleocapsid (N) protein and SARS-CoV-2 spike (S) pro-
tein) as well as SARS-CoV-2 antibodies (e.g., SARS-CoV-2 
immunoglobulin G and M), but higher sensitivity and faster 
detection time are still required. In this sense, the applica-
tion of MNPs to COVID-19 detection is attractive due to 

Table 3   Recent development of MNPs immunoassays for the detection of SARS-CoV-2

Target biomarker MNPs (coating materials/
size)

Biomolecules conjugated 
with MNPs

Magneto-immunoassay 
type
Detection method

Strength Refs.

Severe acute respiratory 
syndrome coronavirus 
2 (SARS-CoV-2) nucle-
ocapsid protein

Carboxylated magnetic 
nanobead (–/200 nm)

Detection antibody and 
HRP (400:1 molar 
ratio)

MNPs–antibody–HRP 
coating method

Electrochemical measure-
ment with potentiostat

(1) Rapid detection 
time (< 1 h) and high 
sensitivity (LOD of 
50 pg mL−1 from whole 
serum)

(2) Effective antigen 
enrichment using an 
external magnet

(3) Point-of-care detec-
tion utilizing a portable 
smartphone

[1]

Human IgG antibody pre-
sent in blood or serum 
from COVID-19 patient

MagneHis Ni2+ magnetic 
beads (obtained from 
Premega, particle size 
is not described by the 
manufacturer)

Recombinant 6xHis-
tagged SARS-CoV-2 
Nucleocapsid protein

Improvement of the con-
ventional ELISA

Optical density measure-
ment (650 nm)

(1) Cost-effective (cost 
less than $3) and 
rapid detection time 
(< 12 min)

(2) Better intraassay 
reproducibility (CV 
2–3%) than the conven-
tional ELISA method

(3) High specificity 
(> 98%) and sensitivity 
(> 83%)

[89]
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mainly two reasons: (i) MNPs have high surface areas that 
increase sensitivity and several steps including purification, 
antibody–antigen interactions, and washing steps can be eas-
ily combined into one step using an external magnet. As 
far as we are aware, there are two magneto-immunosensors 
applied for COVID-19 diagnosis and Table 3 summarizes 
the size and coating materials of MNPs, magneto-immuno-
assay type, and strength of the diagnosis methods.

Li and Lillehoj [1] developed a magneto-immunosensor 
for detecting SARS-CoV-2N protein in whole serum using 
MNP–antibody–HRP conjugates (in the paper, they refer 
to it as dually labeled magnetic nanobeads (DMBs)). They 
used carboxylated magnetic MNPs (200 nm) and detection 
antibody and HRP at a molar ratio of 400:1 conjugated with 
MNPs. The thiolated captured antibody was immobilized 
on screen-printed gold electrode (SPGE) sensors and then 
inserted into a microfluidic chip. The use of microfluidic 
chips incorporating MNPs and an external magnet signifi-
cantly increased the interaction between the antibody and 
antigen while enhancing the detection sensitivity. In addi-
tion, combining all detection processing in the chip reduces 
labor and detection time. As shown in Fig. 4a, in the micro-
fluidic chip, the sample containing SARS-CoV-2N proteins 
was mixed with DMBs to form SARS-CoV-2N–DMBs 
complexes. The complexes moved to the sensor and then 
rapidly bound to the captured antibodies with the help of 
the external magnet. With a TMB substrate solution, HRP, 
which was conjugated with DMBs, reacts with the TMB. 
This created color as well as amperometric current, which 
linearly increased with increasing antigen concentrations. 
Using this MNPs immunoassay, SARS-CoV-2N proteins 

were detected at levels as low as 50 pg mL−1 in undiluted 
whole serum within 55 min. The sensors were connected 
with a smartphone-based sensing device, allowing quantita-
tive and user-friendly point-of-care detection.

In addition to detecting viral proteins, which indicates 
current virus infection, detecting antibodies against SARS-
CoV-2 is important to distinguish people who already have 
been infected. Antibody detection is especially critical for 
COVID-19, since the viral infection of SARS-CoV-2 shows 
very minor and negligible symptoms for many cases and 
people do not know whether they have healthy immune sys-
tems against COVID-19. Once it is confirmed that people 
have been infected with COVID-19 via antibody-detecting 
tests, they can return to work without any risks [82]. From 
this point of view, Huergo et al. [89] developed an MNP-
based immunoassay for detecting human SARS-CoV-2 anti-
bodies. They first purified SARS-CoV-2N protein and coated 
magnetic beads with proteins. The antigen-coated magnetic 
beads were then distributed into the wells of a 96-well plate 
and mixed with 2 μL of diluted human serum or 5 μL of 
diluted human blood for 2 min. After several washing steps, 
the MNP beads were incubated with goat-anti-human IgG-
HPR captured antibody, followed by incubation with TMB 
substrate for color development. The MNP beads were cap-
tured and released at each step using a magnetic extractor 
device (Fig. 4b). They confirmed that only positive COVID-
19 samples develop a color, suggesting human IgG antibody 
from COVID-9 patients effectively combined with SARS-
CoV-2N protein. This immunoassay showed almost the 
same detection range as the standard ELISA method, and 
high sensitivity (more than 83%) as well as high specificity 

Fig. 4   Schematic illustration of recent advances in MNP-based 
immunoassays for COVID-19. a Method for detecting viral proteins 
and b method for detecting immunity. Figure 2a reprinted with per-

mission from Li and Lillehoj [1] Copyright ⓒ American Chemical 
Society and Figure 2b reprinted with permission from Huergo et al. 
[89] Copyright ⓒ American Chemical Society
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(more than 98%) was obtained by analyzing samples from 
two independent laboratories. Since selecting appropriate 
antigens is the most important and difficult task for detecting 
antibodies [82], further studies are necessary for finding and 
purifying antigens considering virus mutation.

5 � Conclusions and Future Perspectives

Currently, immunoassay-based rapid detection kits have 
been remarkably developed for detecting various target 
analytes. However, improvements in sensitivity and spec-
ificity are still desired to prevent disease transmission as 
well as to lower detection limits from very low target con-
centrations. MNPs are attractive materials to achieve high 
sensitivity of detection due to their unique properties such 
as magnetic behaviors, biocompatible characteristics, and 
high surface areas. In addition, MNPs are very suitable 
materials for detection of diseases by color development, 
since MNPs themselves possess representative enzymatic 
peroxidase activity or they can stably conjugate materials 
for color expression. Different types of MNP-based immu-
noassays are applicable to user-friendly POC detection via 
color development. Recent efforts for COVID-19 diagnosis 
via MNP-based immunoassays have led to their improve-
ments over conventional diagnosis methods. Considering 
that MNPs are easily produced with low cost, while having 
high thermal and pH stability compared to other enzymatic 
materials commonly used for detection kits, assays incor-
porating MNPs are also expected to be applicable in devel-
oping countries and remote regions where temperature and 
humidity are harsh factors impeding detection.
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