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substrates via lithography, through which the round microbubbles 
generated from the immunoassay system were easily differentiated in 
the microwells. To enhance the airtightness and hinder the diffusion of 
oxygen into PDMS substrates, the microwells were modified with a layer 
of parylene C using the physical vapor deposition technique. Wu et al. 
developed a field-effect transistor (FET) sensor for SARS-CoV-2 recom
binant S protein [70]. Microfluidic and electrode channels were carved 
in PDMS substrates by laser engraving. To optimize the channel profile, 
the effects of power, scanning speed and working mode of the engraving 
parameter were studied. After the corona treatment, the PDMS sub
strates were bonded with the virus-sensing transduction materials 
(VSTMs), two-dimensional titanium carbide (MXene)-graphene com
posites. Other microfabrication techniques such as inject printing and 
microcontact printing have been used to fabricate desirable micro
patterns in PDMS substrates for other bioanalytical applications [39,41, 
71]. 

Another popular type of polymer substrates is thermoplastic mate
rials, such as poly (methyl methacrylate) (PMMA), polyethylene tere
phthalate (PET) and copolymers of cycloolefin (COC). These substrates 
are more rigid in texture than PDMS while possessing similar features 
like transparency and chemical inertness, and thereby they are suitable 
to meet the demand in anti-deformation capability of substrates in 
microfluidic fabrication (e.g., supporting and slipping operations) [28]. 
Microfabrication methods for such substrates include computer nu
merical control (CNC) engraving, laser engraving, injection molding, hot 
embossing and 3D printing [39,72–74]. Shin et al. reported a fluorescent 
microfluidic chip for detecting anti-SARS-CoV-2 N protein IgG and IgM 
[75]. In the chip, two PMMA substrates were fabricated by injection 
molding and bonded via acetone injection by employing a plate pressing 
machine. Nanointerstices were formed at both sides of the channels 
during the bonding process, through which a significant pressure dif
ference at the air-liquid interface was generated to enable the efficient 
sample filling. Seo et al. developed a colorimetric microfluidic immu
noassay for anti-SARS-CoV-2 N protein antibodies [76]. Four chambers 
with a serpentine structure were carved in PMMA sheets by CNC 
engraving to serve as the reservoirs of different reagents. With the 
integration of passive valves to prevent the backflow of liquids, the serial 
injection of preserved reagents into a coil microreactor was simply 
implemented to undergo the immuno-reaction. 

2.3. Hybrid material-based microfluidic immunoassay platforms 

In recent years, hybrid material-based microfluidic devices have 
attracted increasing interests for POCT applications. By assembling 
diverse types of substrates (e.g., papers and PDMS) into a single device, 
their advantages in different aspects, such as biomolecule immobiliza
tion, reagent handling and fabrication of sensing elements (e.g., elec
trodes), can be combined [24,41,77,78]. For instance, paper/polymer 
hybrid devices can enable multiplexed sampling through operations like 
slipping of polymer segments while maintaining the ease in biomole
cular immobilization in paper substrates [41,71,79,80]. PDMS has been 
utilized as the spraying agent to produce hydrophobic barriers in paper 
substrates to increase the shelf life of the devices [81]. The fabrication of 
hybrid microfluidic devices usually involves the assembly of different 
segments, such as embedding papers into polymeric chambers, sealing 
and bonding among different substrates. McDevitt et al. fabricated a 
hybrid microfluidic device for the fluorescent detection of anti-
SARS-CoV-2 RBD antibodies [82]. Hydrophilic adhesive was bound with 
a PMMA sheet to act as the bottom substrate of the chip. In the substrate, 
the adhesive facilitated the flow of sample liquids into a cartridge via 
capillary effect. The immuno-reaction and display of fluorescence sig
nals took place in an array of hexagon-shaped detection wells in the 
cartridge. Table 1 summarizes features of different substrate materials in 
microfluidic immunoassay platforms, including advantages and disad
vantages of them in operation, fabrication, and performance. 

3. Biosensing principles and applications of microfluidic 
immunoassays 

Various biosensing principles have been integrated into diverse types 
of microfluidic devices to develop immunoassays for SARS-CoV-2, 
which have shown considerable promise in POCT. From the aspect of 
immunologic recognition principle, recognition elements including an
tibodies, antigens and aptamers play a basic role in constructing these 
microfluidic immunoassays. On the other hand, the detection principles 
such as colorimetry, fluorescence, chemiluminescence, electro
chemiluminescence, surface-enhanced Raman scattering, and electro
chemistry are of broad interest in this field [18,47,83,84]. In this 
section, we focus on these recent advances in the biosensing principle 
from the two aspects above in these microfluidic immunoassays for 
SARS-CoV-2 antigens and antibodies. 

3.1. Immunologic recognition elements 

Generally, the microfluidic immunoassays for SARS-CoV-2 are based 
on the immunologic recognition between SARS-CoV-2 antigens (e.g., 
structural proteins) and their antibodies (e.g., Ig G and Ig M). These 
recognition elements are used as either the immuno-capture elements or 

Table 1 
Summarization of features of different substrates in microfluidic immunoassay 
platforms.  

Microfluidic 
immunoassay 
platforms 

Substrate materials Advantages Disadvantages 

Paper-based NC membrane Ease of biomolecule 
immobilization, 
simple assembly, 
and flexibility 

Low mechanical 
strength and low 
performance in 
flow control and 
reagent delivery 

Cellulose paper Low cost, 3D 
porous structure for 
easy reagent 
storage and 
reaction, ease of 
massive 
manufacturing, 
flexibility, and 
disposability 

Nonuniform 
porous structure, 
low performance 
in flow control 
and reagent 
delivery, low 
mechanical 
strength, and low 
repeatability 

Polymer-based Thermoelastomers 
(PDMS) 

Tunable 
elastomeric 
properties, 
excellent 
transparency, gas 
permeability, high 
performance in 
flow control and 
reagent delivery, 
and rapid 
prototyping & 
molding of patterns 

Prone to 
deformation, 
absorbing & 
releasing of 
biomolecules and 
requirement of 
cleanroom 
facility for high- 
resolution 
fabrication 

Thermoplastic 
(PMMA, PET and 
COC) 

Excellent 
transparency, high 
chemical inertness, 
anti-deformation, 
rapid prototyping, 
high repeatability, 
and high 
performance in 
optical detection 

Requirement of 
high temperature 
or energy in 
fabrication and 
low resolution 

Hybrid 
material- 
based 

paper/PDMS, 
paper/PMMA, etc. 

Combined features 
of hybrid materials: 
ease of biomolecule 
immobilization, 
high performance 
in flow control and 
reagent delivery, 
versatility, and 
flexibility 

Requirement of 
more efforts to 
integrate 
different 
substrates in 
massive 
manufacturing  
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targets in different cases. Because of the specificity in recognizing the 
virus, S and N proteins are extensively selected as the antigens in these 
works. For example, Chen et al. developed a microfluidic particle 
counter for visual detection of anti-SARS-CoV-2 RBD antibody in nasal 
secretions [85]. Magnetic microparticles (MMPs)-labeled RBD antigen 
and polystyrene microparticles (PMPs)-labeled anti-human IgG were 
used to establish the immunologic recognition system, respectively. In 
the presence of the target anti-SARS-CoV-2 RBD antibody, MMPs bound 
with PMPs. After magnetic separation, free PMPs were loaded into the 
particle counter to read their accumulation length in a trapping channel. 
The LOD of anti-SARS-CoV-2 RBD antibody was 14.0 ng/mL. Zhou et al. 
reported a LFIA for fast and sensitive determination of SARS-CoV-2 N 
protein in nasal swab samples using surface structure membrane (SS 
Mem) as a lateral-flow membrane [86]. A traditional sandwich-type 
recognition system between SARS-CoV-2 N protein and its antibodies 
(i.e., capture and probe-labeled detection) was constructed on the SS 
Mem. Taking advantage of the SS Mem for fast self-transport of sample 
solutions with convection and low residual, the LFIA enables the 
colorimetric and fluorescent detection of the target with LODs of 3.98 
pg/mL and 53.3 fg/mL, respectively. Liu et al. integrated μPADs with a 
centrifugal microfluidic disc for colorimetric immunoassay of 
SARS-CoV-2 N protein in saliva samples [87]. They constructed a 
sandwich-type recognition system in detection wells of the μPADs using 
Au NPs as the colorimetric probe. Using the centrifugal disc for sample 
separation and reagent delivery, N protein was tested at the LOD of 10 
pg/mL. In addition, Chai et al. presented a digital microfluidic (DMF) 
platform for fluorescent detection of SARS-CoV-2 N protein in saliva 
using aggregation-induced emission fluorgens (AIEgens) [88]. Magnetic 
beads and AIEgnes with high fluorescent intensity and photostability 
were employed to label the capture and detection antibodies, respec
tively, to establish the sandwich-type recognition system with the aid of 
droplets generated in the chip. The LOD of N protein was as low as 5.08 
pg/mL. 

Besides the direct immunologic recognition between antibodies and 
antigens, aptamers are also an important alternative to construct the 
recognition system for microfluidic immunoassay of SARS-CoV-2. For 
instance, Li et al. reported an aptamer/antibody sandwich method for 
digital detection of SARS-CoV-2 N protein in serum samples [89]. 
Magnetic beads (MBs) and β-galactosidase (β-Gal) were utilized to label 
the capture antibody and detection aptamer, respectively, to construct 
the sandwich-type recognition system. The conjugates were loaded into 
a microfluidic chip to measure the number of fluorescent 
femtoliter-sized wells. The LOD of SARS-CoV-2 N protein was 33.28 
pg/mL. Trakht et al. proposed a microfluidic enrichment strategy for 
fluorescent detection of SARS-CoV-2 viral particles in nasal swab sam
ples [90]. Aptamers with two different spike domains (i.e., RBD and 
N-terminal domain) were employed as the capture elements in the 
recognition system in a herringbone microfluidic chip, through which 
the resistance to mutated strains of the virus can be improved. Fluo
rescent signals were generated by the hydrolysis of beta-galactosidase 
(β-Gal), and the LOD was as low as 37 active virions/μL. Pun et al. re
ported an aptamer-based colorimetric LFIA for SARS-CoV-2 S protein in 
nasal swab samples using Au NPs as the probe [91]. A new sequence, 
namely SARS-CoV-2 spike protein NTD-binding DNA aptamer 4 
(SNAP4), was discovered and used as the capture element to construct 
the sandwich-type recognition system using SNAP1 to label the detec
tion probe (Au NPs). 

3.2. Detection principles and applications 

In addition to conventional detection principles such as colorimetry, 
fluorescence, chemiluminescence, electrochemiluminescence, surface- 
enhanced Raman scattering, and electrochemistry, some newly 
emerged principles like the photothermal biosensing are also applied for 
microfluidic immunoassay of SARS-CoV-2 antigens and antibodies [32, 
92–95]. Strategies such as signal amplification and visualization in 

microfluidic devices are proposed to improve the immunoassay perfor
mance or potential in POCT. For instance, nanomaterials (e.g., nano
particles (NPs)) are widely exploited in these works to modulate the 
analytical signals [96]. We discuss LFIAs separately in each principle 
because of their unique potential in POCT especially in practical appli
cations. Recent advances of microfluidic immunoassays for SARS-CoV-2 
detection with their key analytical parameters are summarized in 
Table 2. 

3.2.1. Colorimetry detection 
Colorimetry has emerged as one of the most popular detection 

principles in microfluidic immunoassays for SARS-CoV-2, ascribed to 
the ease of visual signal readout without relying on sophistical analytical 
instruments [97]. In order to improve the analytical performance (e.g., 
sensitivity), the physical and chemical properties of nanomaterials, such 
as the plasmonic properties and catalytic activities, are widely applied to 
transduce or amplify the colorimetric signals [98,99]. The exploitation 
of NPs such as noble metal and metal oxide NPs as peroxidase mimics to 
catalyze the chromogenic reaction of 3,3′,5,5′-tetramethylbenzidine 
(TMB) is a typical example [93,100]. With the aids of image-analyzing 
approaches, such as the measurement of gray value, microfluidic im
munoassays can provide quantitative detection results [97,98]. 

One of the representative colorimetric microfluidic immunoassays is 
the gold NPs-based LFIAs, which have been developed commercially for 
testing SARS-CoV-2 antigens in practical usage [101]. It should be noted 
that conventional LFIAs are more suitable for qualitative detection, i.e., 
by only providing positive or negative results. Attributed to the colori
metric working principle, the sensitivity of LFIAs is usually compro
mised, which might lead to false-negative detection results. Recently, 
some strategies have been applied to LIFAs either to improve the 
sensitivity or to enable quantitative results for SARS-CoV-2 immunoas
says. For example, Kim et al. developed a colorimetric LFIA for 
SARS-CoV-2 N protein in saliva samples using plasmon color-preserved 
Au nanoclusters as the probe [102]. Au nanoclusters with nanogaps 
were synthesized via the streptavidin-biotin binding among Au NPs, 
through which the plasmon coupling among NPs was avoided to 
improve the colorimetric sensitivity. The nanoclusters maintained the 
intrinsic plasmonic properties of Au NPs with enhanced light absorption. 
By using an optical reader, the LOD of N protein was as low as 38 pg/mL, 
which was 5.9 times lower than that using Au NPs of the same size. 
Chaiyo et al. developed a self-enhancement colorimetric LFIA for 
SARS-CoV-2 N protein in saliva samples [97]. Different from the con
ventional LFIAs, an enhancing pad was additionally added in the strip 
where Au3+ and reducing agent (HA) were reserved. When sample so
lutions infiltrated from the conjugate pads to the enhancing ones, 
enlarged Au NPs were formed via the reaction between Au3+ and HA, 
resulting in enhanced color changes and improved detection sensitivity. 
The assay detected N protein at LODs of 0.5 and 0.1 ng/mL with the 
naked eye and readout of grayscale value of the detection regions, 
respectively. Kim et al. presented a colorimetric LFIA based on using a 
bifunctional fusion linker, CBP31-BC, for antibody immobilization in the 
detection of RBD of SARS-CoV-2 S protein and inactivated SARS-CoV-2 
in nasopharyngeal swab samples [47]. The usage of the linker enabled 
the immobilization of capture antibodies in cellulose membranes (i.e., 
test lines) in an oriented manner and achieved the colorimetric assay by 
binding Au NPs-conjugated detection antibodies. The LODs for RBD 
antigen and inactivated SARS-CoV-2 were 0.63 ng/mL and 5 × 104 

copies/mL, respectively, with 100 % accuracy in testing 19 clinical 
samples. Using aptamers to N-terminal domain (NTD) of S protein, Pun 
et al. developed a sandwich-type LFIA for SARS-CoV-2 S protein in nasal 
swab samples [91]. As shown in Fig. 3A, two oligonucleotide aptamers 
with high affinity were synthesized and employed as the capture and 
detection ligands, respectively, to construct the sandwich-type assay 
system in the colorimetric LFIA strip. The LFIA strips were finally 
immersed into enhancing buffers containing Au+ to enlarge the size of 
captured Au NPs, through which the colorimetric signals were 
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comb binding spines served as switches to control the liquid flow in the 
chip. HRP-labeled detection antibody was used to establish an indirect 
immunoassay system in the paper chip utilizing DAB as the chromogenic 
substrate. IgG, IgM and IgA were tested at LODs of 1.25 μg/mL, 0.5 
μg/mL and 1.25 μg/mL, respectively, indicating that the detection 
sensitivity were not very high. Sikes et al. fabricated a vertical-flow 
paper-based microfluidic chip for immunoassay of SARS-CoV-2 N pro
tein in saliva based on rapid affinity pair identification via directed se
lection (RAPIDS) [105]. Compared with the conventional lateral flow, 
the vertical flow of sample liquids through multiple layers of papers 
decreased the influence of non-specific immuno-binding ascribed to the 
low linear flow rate. Hence, the background colorimetric signals were 
reduced because large particles were filtered during the flow process. In 
addition, the RAPIDS could screen high affinity pairs for N protein to 
improve the sensitivity. N protein in mock swab and saliva samples was 
quantified with LODs of 3.8 ng/mL and 1.9 ng/mL, respectively. 

Polymer-based and relevant hybrid microfluidic devices are also 
widely employed for colorimetric immunoassays of SARS-CoV-2. As a 
typical example, these devices leveraged the color changes of specific 
chromogenic substrates like TMB. For instance, Zhu et al. developed a 
magnetofluid-integrated multicolor immuno-chip (MMI-chip) for 
colorimetric immunoassay of SARS-CoV-2 neutralizing antibody in 
serum [98]. As shown in Fig. 3B, magnetic beads-labeled RBD antigen 
and HRP-labeled IgG were used as the capture and signaling elements in 
the immuno-recognition system, respectively. The MMI-chip had a 3D 
two-phase liquid layout, through which different aqueous reagents in 
vertical chambers were blocked by an upper oil layer and the 
immuno-reaction process was implemented by moving 
immuno-complexes in these reagents using a magnet. The oxidation of 
TMB facilitated the etching of Au nanorods to display sensitive colori
metric signals, as previously reported by the Li group [106]. This 
microfluidic immunoassay showed 100 % specificity and 83.3 % sensi
tivity in testing real serum samples from vaccine-immunized volunteers. 
Zhou et al. presented a glass/PDMS hybrid microfluidic chip for 
immunoassay of anti-SARS-CoV-2 N protein antibodies based on 
reciprocating-flowing (RF) immuno-binding [107]. In contrast to the 
static immuno-binding via free diffusion, the integrated RF protocol 
achieved repeated contact between antibodies and N proteins on PDMS 
substrates with a short binding runtime of less than 2.0 min. Using TMB 
as the chromogenic substrate, the antibody was determined at a limit of 
quantification (LOQ) of 4.14 pg/mL through analyzing gray value of 
images of the detection regions. Lao et al. presented a handheld 
microfluidic filtration platform for colorimetric immunoassay of inac
tivated SARS-CoV-2 in swab samples [108]. White microbeads and red 
nanobeads were used to label two types of noncompetitive anti-N pro
tein antibodies, respectively, to form immuno-complexes, followed by 
their injection into a PDMS chip where only larger immuno-complexes 
were retained by a blocking column array in the filtration segment. As 
a result, red colorimetric signals were produced in the central observa
tion zones in the presence of target N protein. The microfluidic test kit 
could detect inactivated SARS-CoV-2 viral particles at a LOD of less than 
100 copies/mL. Ma et al. exploited platinum-decorated gold (Au@Pt) 
NPs as peroxidase mimics to develop a PDMS colorimetric microfluidic 
immunoassay for SARS-CoV-2 N protein in throat swab samples [109]. 
Magnetic beads and Au@Pt NPs with high catalytic activity were used to 
label the capture and detection antibodies, respectively, to establish the 
multiplexed immunoassay system. In the chip, rubber plugs were 
employed to release reagents and washing buffers in the 
immuno-reaction process with the aid of an external magnet for sample 
separation. This method exhibited excellent detection sensitivity. Using 
TMB as the chromogenic substrate, the LOD of N protein was as low as 
0.1 pg/mL. 

3.2.2. Fluorescence detection 
Fluorescence detection has been extensively applied in microfluidic 

immunoassays for SARS-CoV-2 antigens and antibodies [110,111]. The 

detection sensitivity of fluorescence is generally higher than that of 
some other optical methods such as the colorimetry [77,112]. At pre
sent, portable fluorescence readers are commercially available, 
enhancing the potential of such assays in POCT. In addition, some 
image-analyzing approaches can be used to quantitatively analyze the 
fluorescent signals for quantitative detection. Fluorophores such as 
quantum dots (QDs) and organic dyes are popular fluorescent probes in 
microfluidic immunoassays [17]. Strategies like nanomaterial-mediated 
fluorescence amplification and quenching are widely exploited to 
improve the analytical performance [83,113]. 

Fluorescent probes can be integrated into LFIAs for qualitative or 
quantitative immunoassays of SARS-CoV-2 [114,115]. By analyzing 
gray value of fluorescent images or using optical strip readers, quanti
tative detection can be realized as the colorimetric detection does. Xiao 
et al. developed a LFIA for quantification of SARS-CoV-2 S protein in 
saliva using SiO2@Au/QD nanocomposites as the fluorescent probe 
[83]. The nanocomposites were prepared by successively synthesizing 
Au NPs and QDs on surfaces of SiO2 nanocores, which could significantly 
improve the coupling efficiency and amplify the fluorescent signals. The 
LOD of this assay for S protein was as low as 0.033 ng/mL. The analytical 
recoveries of the determination of S protein in spiked saliva samples 
ranged from 93.63 % to 98.02 %, demonstrating a satisfactory accuracy 
of the assay in the detection. Compared with IgM or IgG, the detection of 
total anti-SARS-CoV-2 antibodies in serum are considered more sensitive 
for early diagnosis of the infection [116]. Xiong et al. reported a fluo
rescent LFIA for testing total SARS-CoV-2 antibodies in serum using 
quantum dot nanobeads (QBs) as the probe [117]. In this work, plenty of 
QDs were embedded in a polycarbonate substrate to produce the high 
luminescent QBs, followed by the covalent linking of recombinant 
SARS-CoV-2 S proteins to construct a double-antigen sandwich-type 
immunoassay system for total antibodies. Owing to the high fluorescent 
intensity of QBs, the sensitivity of the assay was one order of magnitude 
higher than that of conventional Au NPs-based LFIA. In addition, the 
detection was achieved rapidly within 15 min without the need of any 
bulky and advanced instruments. Jiang et al. integrated Eu chelate NPs 
as the fluorescent probe in a LFIA for the quantitative detection of 
anti-SARS-CoV-2 neutralizing antibodies using the ratiometric fluores
cence analysis [118]. The authors justified that the ratiometric fluo
rescence method was less commonly used in immunochromatographic 
assays, but it was more sensitive and accurate than single-signal mea
surements that were susceptible to various external factors. The assay 
was able to detect neutralizing antibodies at a LOD of 7.6 IU/mL and 
could discriminate different concentrations in the range of 12.5–1000 
IU/mL. Li et al. developed a fluorescent LFIA for the simultaneous 
detection of anti-SARS-CoV-2 IgM and IgG in clinical serum samples 
[96]. Near infrared-emissive aggregation-induced emission molecules 
were bonded to surfaces of polystyrene (PS) NPs via the organic solvent 
swelling method to avoid the interference of autofluorescence. This 
method allowed for more sensitive detection of IgM and IgG at earlier 
infection stages than the conventional Au NPs-based LFIAs. Under 
optimal conditions, the LODs of IgM and IgG were 0.236 μg/mL and 
0.125 μg/mL, respectively. 

Fluorescence detection has been widely exploited in μPADs and 
related hybrid devices for the immunoassay of SARS-CoV-2, given the 
ease of constructing ELISA systems in paper substrates [43]. Yoon et al. 
presented a paper-based fluorescent competitive microfluidic immuno
assay for anti-SARS-CoV-2 IgG in clinical saline gargle samples [119]. 
Saliva testing offers non-invasive and easy operation, but it usually re
quires high sensitivity because of the presence of trace contents of an
tibodies in saliva. As shown in Fig. 4A, anti-SARS-CoV-2 RBD antibody 
was immobilized in test zones of the paper chip through the supramo
lecular interaction. In the simultaneous presence of immobilized 
anti-RBD antibody and free IgG, PS particle-labeled RBD antigen tended 
to conjugate with the latter one in a competitive manner. The assay 
signals were monitored by counting the immuno-captured luminescent 
particles in the test zones or evaluating the capillary flow velocities of 
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and instrument-free approach to test SARS-CoV-2 in bioaerosols. The 
total runtime from capture to detection was less than 30 min. 

Polymer-based and relevant hybrid microfluidic devices are also of 
particular interest for developing fluorescent immunoassays for SARS- 
CoV-2, due to the excellent transparency and low background infer
ence of the substrates. Some conventional fluorescent immunoassays 
can be flexibly integrated into these microfluidic chips [75]. For 
instance, Fang et al. developed a portable polycarbonate-based lateral 
chromatography immunoassay for SARS-CoV-2 N protein and IgG in 
pharyngeal swab samples and serum, respectively, using fluorescent 
carboxylate-modified microparticles (FMSs) as the probe [122]. Due to 
the minor interaction area between FMSs and the chip surface, the 
FMS-labeled capture antibody detached from the chip after binding with 
the targets in the capture zone. The immuno-complexes then flowed into 
microfluidic channels under the capillary effect and reacted with the 
immobilized detection antibody in the test zone. N protein and IgG were 
detected at LODs of 0.85 ng/mL and 5.80 ng/mL with broad linear 
ranges of 0.15–150 ng/mL and 1.0–100 ng/mL, respectively. Further
more, the chip showed a satisfactory stability in the testing results 
during the storage for varying days within one week. Garcia-Cordero 
et al. reported a multiplexed fluorescent microfluidic immunoassay for 
serological anti-SARS-CoV-2 antibodies using a mechanically induced 
trapping of molecular interactions (MITOMI) technique [63]. Two 
PMMA sheets containing manifolds were adhered to a glass substrate to 
seal the microfluidic environment. Based on the pressure-driven mech
anism, the MITOMI technique was integrated to control the fluid flow in 
microchannels, through which phycoerythrin (PE)-conjugated second
ary antibodies interacted with the targets. Excessive reagents that did 
not participant in the reaction were also removed via the technique. The 
device exhibited a sensitivity of 95 % and a specificity of 91 % in the 
detection. Kim et al. developed a single snapshot fluorescent micro
fluidic device for multiplexed immunoassay of anti-arbovirus and 
SARS-CoV-2 antibodies using dense test lines in combination with 
engineered beads [120]. As illustrated in Fig. 4B, antigen-conjugated 
carboxylate PS beads were individually engineered (or positioned) as 
nine high-density test lines in central microchannels in the reaction zone 
of the PDMS chip. In the presence of target antibodies, the fluorescence 
in the test lines was activated as a result of the corresponding 
immuno-recognition using DyLight 550 to label the detection antibodies 
(i.e., secondary antibodies). A portable fluorescence reader was 
employed to record snapshots of the bead lines. As such, four types of 
antibodies to both arbovirus and SARS-CoV-2 were detected simulta
neously within 30 min. 

3.2.3. Chemiluminescence detection 
Chemiluminescence (CL) is a popular biosensing principle that works 

on the measurement of emitted luminescence by chemical reactions 
[123–125]. It is based on the transition of electrons from substances in 
the luminescence mechanism. In comparison with fluorescence, CL has 
lower background signals and higher sensitivity without the need of 
external light sources [126,127]. The implementation of signal readout 
in this principle is similar to that of fluorescence in POCT [128]. In 
combination with other luminescent substrates, such as luminol and 
trichloropyridine ruthenium (Ru (bpy)3

2+), nanomaterials are widely 
used as catalysts, luminescent materials or fluorescence acceptors to 
improve the analytical performance in immunoassays of SARS-CoV-2 
[129]. 

CL has been integrated into microfluidic devices for the immuno
assay of SARS-CoV-2. For example, Seidel et al. presented a CL-based 
microarray immunoassay for serological IgG against SARS-CoV-2 
[130]. The microarray chip was fabricated by polycarbonate and con
tained an interesting flow cell design. This design needed low volumes of 
samples and enabled uniform reagent distribution in an automated way. 
After chemical modification of the microarrays to prevent non-specific 
binding, the differentiation between positive and negative samples 
was well achieved even under high interfering conditions. Using luminol 

as the luminescent probe and HRP to label the detection antibodies, the 
immunoassay allowed for 100 % sensitivity and good specificity. Yan 
et al. reported a CL-based LFIA for SARS-CoV-2 recombinant S protein 
using Co–Fe@hemin-peroxidase nanozymes as the probe, as shown in 
Fig. 5 [18]. The nanozymes were synthesized by a hydrothermal method 
and were used to label the detection antibody to establish the 
sandwich-type immunoassay system in the LFIA strip. The nanozymes 
possessed strong peroxidase-like activity in catalyzing luminol, through 
which the CL detection signals were amplified. The test time was 
reduced to 16 min. By employing a smartphone camera to record the CL 
images for signal readout, recombinant S protein was determined at the 
LOD of 0.1 ng/mL with a linear range of 0.2–100 ng/mL. 

3.2.4. Surface-enhanced Raman scattering detection 
Based on the Raman scattering characters of biomolecules on 

nanostructured materials, surface-enhanced Raman scattering (SERS) 
has drawn considerable interest for developing microfluidic immuno
assays [131,132]. Due to its high sensitivity and specificity, SERS is 
capable of fingerprinting the structures of analytes at trace contents. 
Metal nanomaterials such as Au NPs and Ag NPs are popular nanotags in 
SERS-based immunoassays. By plasmon-mediated enhancement of 
electrical fields, these nanomaterials can be functionalized or coupled to 
Raman reporters to amplify the SERS signals [133]. Interestingly, 
microfluidic devices are compatible with portable Raman spectrometers 
to achieve simple signal outcome, making them more suitable for POCT 
[134,135]. 

Taking advantages of LFIAs in POCT, SERS-based LFIAs have been 
widely reported for the immunoassay of SARS-CoV-2 [138]. Wang et al. 
developed a SERS-based LFIA for anti-SARS-CoV-2 IgG and IgM in serum 
using 5,5-dithiobis-(2-nitrobenzoic acid) (DTNB)-loaded SiO2@Ag NPs 
as the SERS tags [136]. As shown in Fig. 6A, two layers of DTNB were 
separately adsorbed in SiO2@Ag core-shell nanocomposites using pol
yethyleneimine (PEI), Au seeds and Ag shells as the intermediate layers, 
followed by the conjugation with S protein. In the LFIA strip, the tags 
showed sensitive SERS signals with high monodispersity and satisfactory 
stability after their immuno-capture in test lines. By employing a 
portable Raman spectrometer for signal readout, the assay showed 100 
% accuracy and specificity in testing 68 clinical serum samples. The LOD 
was 800 times lower than that of the conventional Au NPs-based LFIA. 
Zeng et al. synthesized ultrathin Au-coated Ag NPs with the embedding 
of 4-mercaptobenzoic acid (MBA) (AgMBA@Au), and used the nano
composites as a colorimetric/SERS dual-mode probe in a LFIA for 
anti-SARS-CoV-2 IgG [139]. In the nanocomposites, strong electromag
netic field was generated by enhanced plasma ascribed to the gap be
tween Ag nanocores and Au shells. The SERS signals were further 
amplified by embedding MBA. Using the nanocomposites to label the 
detection antibody, IgG was determined at a LOD of 0.22 pg/mL in 
buffer solutions and 0.52 pg/mL in serum, respectively. A satisfactory 
accuracy of the method was demonstrated in testing 107 clinical serum 
samples. Choo et al. constructed a SERS-based LFIA for SARS-CoV-2 N 
protein in nasopharyngeal swab samples using a portable SERS-LFIA 
reader [84]. In this work, malachite green isothiocyanates (MGITCs) 
acted as the Raman reporter with the aid of Au NPs to amplify the SERS 
signals. Employing a mapping technique and an averaging process to 
measure the signal intensity, the SERS-LFIA reader exhibited good 
reproducibility. N protein was tested with a LOD of 3.53 PFU/mL. The 
method showed higher sensitivity in testing clinical samples in com
parison with the commercial LFIA. Huang et al. developed a SERS-based 
LFIA for simultaneous detection of anti-SARS-CoV-2 IgG and IgM in 
serum using gap-enhanced Raman nanotags [140]. 4-Nitrobenzenethiol 
(4-NBT) as the Raman reporter was first modified on surfaces of Au 
nanocores and then coated with Au nanoshells to prepare the 
gap-enhanced nanotags. Using the nanotags to label the detection an
tibodies in the strip, it was demonstrated that the sensitivity was 
significantly improved. IgG and IgM were determined at LODs of 1.0 
ng/mL and 0.1 ng/mL, respectively. 
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with changing capillary flow velocity in the paper channels. Employing 
a smartphone to record and analyze the flow velocity profiles, N protein 
was tested at LODs of 1.0 fg/mL in saliva and 10 fg/mL in simulated 
saline gargle samples, respectively. The accuracy of the method was 89 
% in testing 18 clinical saline gargle samples. Chen et al. developed a 
simple method for microfluidic immunoassay of anti-SARS-CoV-2 S 
protein IgG using magnetic separation in combination with an inter
esting particle dam design for distance-based signal readout [157]. As 
shown in Fig. 8B, the immuno-reaction was first performed in a common 
centrifuge tube using immuno-labeled magnetic microparticles (MMPs) 
and polystyrene microparticles (PMPs). In the presence of target IgG, 
immuno-complexes were formed and then injected into the chip. Upon 
the intermediate blocking of the magnetic complexes using a magnet, 
the accumulation amounts of free PMPs in the downward dams 
decreased with the display of shortened visual distance. The target was 
tested at LODs of 13.3 ng/mL and 57.8 ng/mL in a sensitive mode and a 
rapid mode, respectively. More impressive work from these emerging 
detection principles are expected in the future. 

4. Conclusions, challenges and perspectives 

The POCT of SARS-CoV-2 antigens and antibodies plays a significant 
role in preventing the spread of the disease in the recent COVID-19 
pandemic and also provides insights on developing new detection 
technologies for defensing against similar pandemics in the future. This 
article reviews recent advances in microfluidic immunoassays for POCT 
of SARS-CoV-2 antigens and antibodies. Various biosensing principles, 
such as colorimetry, electrochemistry, fluorescence, surface-enhanced 
Raman scattering and photothermal biosensing, have been integrated 
into diverse types of microfluidic devices for qualitative, semi- 
quantitative or quantitative immunoassays of SARS-CoV-2. We have 
summarized key analytical parameters of representative works in 
Table 2. There is no doubt that research efforts and advancements are of 
great potential for POCT of SARS-CoV-2 especially in resource-limited 
settings. 

Despite these advances, it should be noted that multiple challenges 
are still encountered in this field especially from the view of practical 
utility of these microfluidic immunoassays. Although the LFIA is 
currently a major POCT tool for SARS-CoV-2 in practical usage, its 
sensitivity is generally lower in comparison with conventional ELISAs 
and NAATs. As a result, false-negative results from the LFIA are very 
common. At present, most traditional LFIAs and colorimetric methods 
are more suitable for qualitative detection but inconvenient for quan
titative tests in some special analytical tasks, such as the immunity 
monitoring in serological investigations. As to the fluorescence, SERS, 
chemiluminescence and electrochemistry methods, quantitative detec
tion is competent and the sensitivity is higher, but most methods often 
require sophisticated instruments (e.g., spectrometers and working 
stations) and skilled personnel. More efforts are still needed to minia
turize these analytical instruments and simplify the operation while 
reducing the price to an affordable level, though bar-chart chip and 
other distance-based detection hold potential for a different solution. In 
photothermal biosensing, the immunoassay procedures are often 
tedious and it is highly desirable to integrate lasers and temperature 
readers into a portable device. Regarding the operation of some 
microfluidic devices, the requirement of external accessories like pi
pettes or pumps for reagent handling can be another barrier for POCT. 
These limitations compromise their potential for practical applications 
in POCT to some extent. Additionally, as a competitor to emerging POC- 
based commercial qPCR devices with rapidness and high sensitivity such 
as Xpert Xpress SARS-CoV-2, more improvements are needed to make 
immunoassays more robust, convenient, sensitive, cost-effective, and 
higher-throughput. 

Therefore, more research efforts are indispensable to cope with these 
challenges. To improve the analytical performance (e.g., sensitivity), 
new strategies such as nanomaterial-modulated signal amplification 

[71,168–173] are expected to work with these microfluidic immuno
assays especially for the LFIA. Pre-enrichment can be another strategy to 
improve the detection sensitivity [41]. From the aspect of biosensing 
principle, the development of new signal transduction principles such as 
multi-colorimetric immunosensors [106] to enable visual quantitative 
signal readout using portable and affordable analyzers (e.g., smart
phones [174–176]) might be an ideal thought to avoid the usage of 
specific analytical instruments. Similarly, the coupling of microfluidic 
chips with some household healthcare devices (e.g., thermometers [92, 
93,100,177,178] and glucometers [179,180]) for quantitative signal 
readout is intriguing. From the aspect of device operation, the integra
tion of intelligent programmable controllers with electronic 
micro-pumps is capable of providing automatic, accessory-free but 
precise handling of reagents. On the other hand, the combination of 
pump-free microfluidic mixers with paper-based devices is a promising 
strategy for POCT because of its simplicity and reliability compared to 
conventional microfluidics in reagent handling. For example, Henry 
et al. developed a pump-free microfluidic device that enabled rapid, 
uniform and stable mixing of reagents by integrating paper layers with 
plastic passive mixers for colorimetric detection of Malathion [181]. 
This strategy provides an efficient way to solve some limitations (e.g., 
uncontrollability in flow rate and non-uniform mixing of liquid re
agents) of inherent capillary force-driven liquid handling in paper sub
strates, which show great potential for paper-based microfluidic POC 
immunoassays. Furthermore, we believe that the collaboration among 
different disciplines such as medicine, biomedical engineering, material 
science and artificial intelligence is vital to translate these microfluidic 
immunoassays from laboratories to practical POCT usage for 
SARS-CoV-2 detection [182]. 
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