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This paper proposed a hand-powered centrifugal micropipette-tip strategy, termed HCM, for all-in-one immu-
noassay combined with a distance-based readout for portable quantitative detection of SARS-CoV-2. The target
SARS-CoV-2 virus antigen triggers the binding of multiple monoclonal antibody-coated red latex nanobeads,
forming larger complexes. Following incubation and centrifugation, the formed aggregated complexes settle at
the bottom of the tip, while free red nanobeads remain suspended in the solution. The HCM enables sensitive (1
ng/mL) and reliable quantification of SARS-CoV-2 within 25 min. With the advantages of free washing, free

fabrication, free instrument, and without the optical device, the proposed low-cost and easy-to-use HCM
immunoassay shows great potential for quantitative POC diagnostics for SARS-CoV-2.

1. Introduction

The coronavirus disease 2019 (COVID-19) pandemic has become a
severe global threat and is continuing to severely affect public health
and the economy [1-3]. According to the World Health Organization
(WHO), there are over 600 million confirmed cases and more than 6
million deaths by the end of September 2022. Considering its high
infectivity rate, on-site, rapid, and early point-of-care testing (POCT) is
particularly critical for timely isolation and intervention [4].

In terms of assay formats, severe acute respiratory syndrome coro-
navirus 2 (SARS-CoV-2) testing can be mainly carried out by nucleic
acid-based molecular amplification and serum-based immunoassays
[5-7]. In practice, classical quantitative assays, such as reverse tran-
scription polymerase chain reaction/quantitative polymerase chain re-
action (RT-PCR/qPCR) [8], enzyme-linked immunosorbent assay
(ELISA), and chemiluminescence (CLIA), have played key roles for
health monitoring during the outbreaks of COVID-19 [9,10]. However,
the requirements of sophisticated equipment, specialized personnel, and
multi-step processes have limited their potential application in POCT for
on-site detection [11]. Alternatively, turbidimetric inhibition
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immunoassay (TIIA) was able to partially overcome the
above-mentioned shortcomings, but still require optical detection
equipment for quantification [12,13] (Fig. 1a).

Direct detection of SARS-CoV-2 antigens by lateral flow immuno-
chromatography (LFIA) has been widely applied for preliminary large-
scale screening due to its advantages of superior simplicity in opera-
tion and visualized detection, especially the in-home-self-testing sce-
narios could effectively reduce the risk of spreading during the epidemic
by the mass gathering [14] (Fig. 1b). Considering the limitation of low
sensitivity caused by the insufficient reaction between antigens and
antibodies of conventional LFIA, Xu et al. recently reported a promising
handheld microfluidic filtration platform for self-testing of the
SARS-CoV-2 Virus [15]. The antigen-antibody binding was carried out
within a test tube, enabling an immediate and synchronal contact of
antigen- and antibody-conjugated beads and achieving a low detection
limit of less than 100 copies mL~! within 30 s. The detection signal was
then obtained by the naked-eye reading of the red color intensity, which
was potentially affected by subjective interpretation. Subsequently, to
fulfill quantitative measurement while maintaining a simple and
user-friendly interface, Wu et al. demonstrated a novel microfluidic chip
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Fig. 1. Comparison of the three platforms. (a) Schematic diagram of TIIA. (b) Schematic diagram of LFIA. (c) Schematic diagram of HCM. NC stands for nega-

tive control.

with a particle dam for quantitative visualization of SARS-CoV-2 anti-
body levels from the accumulation length of the microparticles func-
tionalized with antibodies [16]. However, despite promising progress,
most of these POC platforms enable naked-eye qualitative detection or
additional instrument-assisted quantitative detection. Thus, it is desir-
able to develop a low-cost, simple, instrument-free platform with
quantitative visualization for POC diagnostics of SARS-CoV-2 [17].
Recently, distance-based signal readout, which does not need fluo-
rescence or optoelectronic detector, has attracted increasing attention
for biochemical sensing because of its potential capability of naked eye
quantitative detection [18-23]. Additionally, compared to other
instrument-free approaches, cost-effective and portable centrifugal toys
have emerged as one of the most promising bio-analysis systems [24].
For example, inspired by historic whirligig (or buzzer) toys, Bhamla
et al. first developed a hand-powered ultralow-cost paper centrifuge for
plasma separation and malaria parasites isolating from whole blood
[25]. Later, Michael et al. also described a custom-made fidget spinner
for rapid on-site detection of urinary tract infections [26]. Given the
above-mentioned factors, in this paper, we proposed a novel
hand-powered centrifugal micropipette-tip (HCM) based platform that
allows direct quantitative visualization of SARS-CoV-2 virus antigen
levels (Fig. 1c). The centrifugal micropipette tip with an inner diameter
of 300 pm is prepared by loading homogeneous immunoreaction re-
agents into a commercial long micropipette tip with the tip end sealed
with epoxy glue to avoid liquid leakage during centrifugation (Fig. S1).
The presence of the target SARS-CoV-2 Virus antigen can trigger the
multiple monoclonal antibodies coated red latex nanobeads (200 nm) to
bind together to form larger complexes of different sizes and shapes
(Figs. S2a—d). After incubation at 37 °C and then centrifugation of the
HCM, the formed aggregated complexes are settled in the bottom of the
tip, while free red nanobeads will remain suspended in the solution
because of their lower density. Finally, the concentrated nanobeads of
different distances can be easily quantitatively read with the naked eye,

without dependence on fluorescence or an optoelectronic detector,
which will be one of the ideal solutions for point-of-care or self-service
testing.

2. Results and discussion

To assess the feasibility of HCM, we first conducted a theoretical
analysis. The sedimentation rate of spherical nanobeads is calculated by
Stokes’ law (Eqn (1)) [27]:

_2(pn—py)eR?

U
s o

®

where Us represents the sedimentation velocity of the nanobeads, py, is
the density of the nanobeads, pr is the density of the fluid, u represents
the fluid’s viscosity, and g is the acceleration due to gravity or centri-
fugation, and R is the radius of nanobead. Eqn (1) indicated how this
approach could be a simple but very effective method to separate
aggregated complexes from unreacted nanospheres. The radius of the
free unreacted nanosphere (200 nm) is significantly smaller than that of
aggregated complexes (Figs. S2b-d). Theoretically, because of this size
difference, the large complexes are pelleted quickly to the bottom of the
tip, and free red nanobeads will remain suspended in the solution under
suitable centrifugation conditions.

We have conducted three iterations of the proposed strategy to meet
different application scenarios. Initially, as shown in Figure S3a-c, a
home-made t ray was fabricated by a portable CO5 laser cutter (Laser
technology, China) with two (Polymethyl methacrylate) PMMA sheets
(YoungChip, China) via a fast laser print, cut, and laminate (PCL)
methodology [28]. As a proof of concept, six separate micropipette tips
were successfully loaded and then tested simultaneously on a custom
electric motor, demonstrating the great potential of high throughput. To
further lower the application threshold, the experiments can be carried
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out directly on a mini tabletop centrifuge by modifying the centrifuge
tube and micropipette tip, which can be easily performed in a routine
laboratory (Figs. S3d-f). To meet POC testing requirements, a com-
mercial pulling-force spinning top was customized for high throughput
loading of the micropipette tip, eliminating the need for electrically
charged instruments (Fig. 2a—c and Video S1). The centrifugal speed of
the pulling-force spinning top is easily stabilized in the range of
3000-4000 rpm powered by hand drive, which meets our experimental
requirements (Fig. 2d—e and Fig. S4).

Supplementary data related to this article can be found at https://
doi.org/10.1016/j.talanta.2023.124466.

The key parameters in the homogeneous immunoreaction and sub-
sequent centrifugal process were next investigated. Visual detection is
achieved by reading the accumulated distance after simple centrifuga-
tion. Since the diameter of the commercial micropipette tip is not uni-
form (Fig. S1), we quantified the preliminary results with the gray value
of the cumulative area instead of the cumulative distance. As shown in
Fig. 3a—d, the optimal experimental conditions were determined to be
250 pg/mL of red latex nanobeads, 20 min incubation time, and 60-s
centrifugation at 1500 rpm. Benefitting from the all-in-one homoge-
neous immunoreaction and portable visual reading, the analysis can be
completed within half an hour, which is significantly shorter than the
standard ELISA method. Our HCM provides a distance-based quantita-
tive result, which can be more accurate than other commercially
available SARS-CoV-2 POCT kits, providing only semi-quantitative and
user-biased readouts based on color intensity.

To verify the sensitivity and reliability of our platform, we simulta-
neously compared the proposed HCM with conventional LFIA by tenfold
series dilutions of samples in PBS solution. As displayed in Fig. 4, the
intensity of signal production showed a corresponding increase with the
growing concentration of nucleocapsid protein (N) of SARS-CoV-2
ranging from O to 100 pg/mL. There is a weak signal from the LFIA
when the concentration is 10 ng/mL, while no visible signal was
observed at 1 ng/mL (Fig. 4a-b). Importantly, the lowest detection
concentration of our free-instrument HCM was determined to be 1 ng/
mL, with a dynamic range from 1 to 10 pg/mL (Fig. 4c-d). Conceivably,
the detection limit and sensitivity can be further improved by reducing
the tip’s size in the future.

We further investigated the specificity of this approach by testing
potential interfering influenza A/B. As shown in Fig. 5a-b, the inter-
fering influenzas (10 pg/mL) all resulted in shorter accumulation
lengths comparable to the negative control sample. A long accumulation
length was observed with SARS-CoV-2 of the same concentration, which
was about more than two times of other influenzas. Together, these
findings suggest that forming longer lengths was due to the specific
binding of SARS-CoV-2 spike N protein against antibodies labeled
nanoparticles.

To further verify the practicability of this method, we first attempted
the application to the mock swab sample. Six nasal swab samples from
healthy volunteers with negative results from nucleic acid testing,
spiked with 10 pg/mL SARS-CoV-2 N protein, were used as testing
samples or with PBS for negative samples. As shown in Figs. S5a-b, the
results demonstrated that our method can still distinguish positive and
negative samples successfully, indicating no interference with the results
from the nasal secretions.

Finally, we evaluated the performance of the optimized HCM method
by comparing the results obtained from RT-PCR, LFIA, and HCM testing
on nine clinical samples (Fig. 5c). Detailed information regarding clin-
ical samples and their testing results is presented in Table S1. As
demonstrated in Fig. 5¢-d, all six PCR-confirmed SARS-CoV-2-positive
samples (CS5-CS9) yielded a longer agglutination distance than the
negative samples (CS2-CS4) (Fig. 5¢). Furthermore, the statistical result
indicates a significant differentiation between negative and positive
samples (Fig. 5d). These results demonstrate the clinical potential of the
proposed HCM technology, particularly in low-resource settings.

Talanta 258 (2023) 124466
3. Conclusion

In summary, our proposed method offers many practical advantages:
1) no washing due to on-pot homogeneous reaction, 2) just needs
commercial micropipette-tip avoiding complicated processing, 3) low
cost for one test (<$0.1/test), 4) testing on a hand-powered centrifugal
toy, no instrumentation required, 5) distance-based naked eye reading,
no optical equipment required, 6) massive parallelization for multiple
testing. Despite the obvious advantages, there remains significant room
for improvement: 1) Based on the versatility of the platform, the antigen
or antibody can be easily replaced for other virus detection, 2) Inte-
gration of the whole blood separation module to achieve serological
immune detection, 3) Integration of liquid distribution module to realize
simultaneous detection of multiple targets in a single sample [29]. Due
to the non-uniform diameter of commercial micropipette tips, we
quantified the results using the gray value of the cumulative area rather
than the cumulative distance. Alternatively, the assay can be quantita-
tively scored wusing image analysis, including automated
smartphone-based approaches. Additionally, producing micropipette
tips with uniform diameter through injection molding or soft lithog-
raphy can further improve the accuracy of our results. Overall, we have
represented a simple-step immunoassay with a centrifugal
micropipette-tip design for portable quantitative self-testing of the
SARS-CoV-2 Virus, which will have broad applications in POCTs, espe-
cially in rural areas where laboratory equipment and resources are
scarce.
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