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a b s t r a c t 

Mobile self-propelled micro/nanorobots are mobile binding surface that improved the sensitivity of many 

biosensing system by “on-the-fly” identification and isolation of different biotargets. Proteins are pow- 

erful tools to predict infectious disease progression such as COVID-19. The main methodology used to 

COVID-19 detection is based on ELISA test by antibodies detection assays targeting SARS-CoV-2 virus 

spike protein and nucleocapside protein that represent an indirect SARS-CoV-2 detection with low sen- 

titivy and specificity. Moreover ELISA test are limited to used external shaker to obtain homogenously 

immobilization of antibodies and protein on sensing platform. Here, we present magnetic microrobots 

that collective self-assembly through immuno-sandwich assay and they can be used as mobile platform 

to detect on-the-fly SARS-CoV-2 virus particle by its spike protein. The collective self-assembly of mag- 

netic microrobots through immuno-sandwich assay enhanced its analytical performance in terms of sen- 

sitivity decreasing the detection limit of SARS-CoV-2 virus by one order of magnitude with respect to the 

devices previously reported. This proof-of-concept of microrobotics offer new ways to the detection of 

viruses and proteins of medical interest in general. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

Recently, the field of biosensing research has turned its at- 

ention to micro/nanorobots that can act as mobile platforms to 

mprove their analytical performance [1–6] . Depending on the 

aterial that comprises a micro/nanorobot, bioreceptors such as 

nzymes, antibodies, aptamers, DNA, and RNA can be immo- 

ilized on its surface [2,3,7–9] . The chemistry on-the-fly that 

icro/nanorobots can be performed, can facilitate the isolation 

f specific targets even in complex biosamples, avoiding sev- 

ral washing and mixing procedures that require external shakers 

nd centrifuges. Micro/nanorobots are machines that can be pro- 

elled by an external stimulus (e.g., light and magnetic/ultrasound 
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elds) [10–18] or by chemical fuels such as H 2 O 2 , urea, etc ., [19–

4] thereby providing enhanced diffusion and mixing. 

Protein detection based on ELISA immunoassay represent a 

owerful tool to evaluate different diseases that affect cardiovascu- 

ar and digestive systems. Moreover, proteins are very well used to 

dentify and evaluate different cancers. Finally, proteins are predic- 

ors of infectious disease progression that nowadays play an impor- 

ant role in the world pandemic of acute viral disease, COVID-19 

aused by the SARS-CoV-2 virus. However, conventional ELISA im- 

unoassays used to detect SARS-CoV-2 virus are based on immune 

esponse test targeting spike (SP) and nucleocapsid (NP) protein. 

hese tests are an indirect detection with low selectivity and sen- 

itivity since the levels of anti-SP and anti-NP antibodies are very 

ow in the early phases of the COVID-19 illness process [25,26] . 

In this work, we presented a system based on the direct detec- 

ion of SARS-CoV-2 virus particle by it spike protein that protrudes 

rom the viral envelope and magnetic microrobots (MagRobots) as 

ensing devices [27] . These MagRobots act as mobile binding sur- 

https://doi.org/10.1016/j.apmt.2021.101337
http://www.ScienceDirect.com
http://www.elsevier.com/locate/apmt
mailto:oalduhaish@ksu.edu.sa
mailto:pumera.research@gmail.com
https://doi.org/10.1016/j.apmt.2021.101337


C.C. Mayorga-Martinez, J. Vysko ̌cil, F. Novotný et al. Applied Materials Today 26 (2022) 101337 

Scheme 1. Schematic representation (not in scale) of (i) MagRobots modified with antibody against SARS-CoV-2 SP that is (iii) driven using transversal rotating magnetic 

field in presence of SARS-CoV-2 virus particle and (ii) secondary antibody against SARS-CoV-2 SP labelled with Ag–AuNRs (Ag–AuNRs@anti-SARS-CoV-2 SP). (iv) MagRobots 

shows collective self-assembly through the immuno-sandwich assay of SARS-CoV-2 virus particle. (v)The detection was performed through hydrogen evolution reaction (HER) 

of Ag–AuNRs. 
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ace where immuno-sandwich assay selective to SARS-CoV-2 virus 

article was immobilized. For this purpose, MagRobots were mod- 

fied with antibody against SARS-CoV-2 spike protein (SP), see (i) 

cheme 1 . That will be termed in this work as MagRobot@anti- 

ARS-CoV-2 SP. MagRobot@anti-SARS-CoV-2 SP were used as a mo- 

ile platform for the capture of SARS-CoV-2 virus particle and la- 

elled secondary antibody see (iii) Scheme 1 . Interestingly, when 

he immuno-sandwich assay was formed by applied transversal 

otating magnetic field, MagRobots were self-assembled and form 

D-staggered chains (see (iv) Scheme 1 ), while in absence of 

mmuno-sandwich assay, individual or linear chains of MagRobots 

ere observed. This collective self-assembly behavior improves the 

erformance of MagRobots since they walk across a larger area in 

ess time as well as they moved with greater force. In consequence, 

his collective self-assembly behavior may be responsible for the 

mprovement of its sensitivity by decreasing the detection limit of 

ARS-CoV-2 virus by an order of magnitude with respect to the 

evice previously reported by Seo et al. [28] . 

The secondary antibody consists of the antibody against SARS- 

oV-2 SP immobilized on the silver-shell/gold-core nanorods(Ag–

uNRs) surface that will be termed as Ag–AuNRs@anti-SARS-CoV- 

 SP see (ii) Scheme 1 . The detection was performed using a well

nown detection system that is based on hydrogen evolution reac- 

ion (HER) of Ag–AuNRs immobilized on the secondary anti-SARS- 

oV-2 SP, (see (v) Scheme 1 ). 
2 
. Materials and methods 

.1. Reagents and apparatus 

To prepare the magnetic immuno-sandwich assay Dynabeads, 

-280 tosyl-activated magnetic beads were purchased from In- 

itrogen, (Czech Republic). Phosphate buffer saline in tablet, 

oric acid (99.5%), BSA (96%), Tween 20, and human hemoglobin 

ere obtained from (Sigma-Aldrich, Czech Republic) as well as 

odium dodecyl sulfate and sodium cholate surfactants. Recombi- 

ant SARS-CoV-2/2019-nCoV Spike/RBD protein, SARS-CoV-2/2019- 

CoV Spike/RBD antibody and Rabbit PAb were purchased from 

ino Biological Europe GmbH. 

Electrochemical measurements were performed using SPE elec- 

rodes (eDAQ Instruments, Europe) with a three-electrode config- 

ration. An Autolab PGSTAT 204/FRA 32 M (Eco Chemie, Utrecht, 

he Netherlands) controlled by NOVA version 1.10 software (Eco 

hemie) was used to evaluate HER catalysis. Video sequences were 

ecorded using an Olympus CKX53 inverted microscope with a 50X 

bjective lens and Basler acA-1920–155 μm monochrome CMOS 

amera. Video processing was done using Nikon NIS-Elements soft- 

are. STEM and SEM micrographs and elemental mapping were 

one using a field-emission scanning electron microscope (TESCAN 

AIA 3) coupled with an energy-dispersive spectrometer (EDS) 

Oxford Instruments, UK). Transmission electron microscope JEOL 
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EM-1010 at an accelerating voltage of 80 kV was used to obtain 

EM images. 

MagRobots propulsion under a transversal rotating magnetic 

eld. MagRobots propulsion was evaluated in PBS solution with 

ifferent surfactants (SDS, Tween 20, and sodium cholate) and BSA. 

 transversal rotating magnetic field was generated by a home- 

ade magnetic field controlled and using a 3D-printed 6 coils sys- 

em attached to a microscope table. The magnetic intensity used 

n all the experiments was 5 mT [29] . 

.2. Ag–AuNR synthesis 

Silver–gold/core–shell nanorods were synthesized by a two- 

tage method reported previously [30,31] . A seeded-growth 

ethod was used to obtain the core gold nanorods using a solu- 

ion of silver nitrate and cetyltrimethylammonium bromide (CTAB). 

o remove excess reagents, the obtained solution was centrifuged, 

esulting in an Au nanorod pellet that was re-suspended in 

etyltrimethylammonium chloride (CTAC) solution (10 × 10 −3 M). 

fterwards, the silver shell was obtained by adding silver nitrate, 

odium hydroxide, and ascorbic acid to the Au nanorod solution 

nd increasing the temperature to 60 °C for 2 h to cause over- 

rowth of the silver shell. Finally, the solution was cooled to am- 

ient temperature and purified by centrifugation and re-dispersion 

nto CTAC solution (10 × 10 −3 M). 

.3. Magneto immuno-sandwich assay preparation 

A solution of commercial MagRobots (3 mg mL −1 ) was washed 

wice using borate buffer of pH 9.2, added to a solution of anti- 

ARS-CoV-2 spike protein diluted 5 0 0 0 times or 1 0 0 0 times

rom the original solution for detect SARS-CoV-2 spike protein 

nd SARS-CoV-2, respectively. Then incubated overnight at 37 °C 

ith continued agitation at 400 rpm. Next, the obtained solu- 

ion was washed with PBS pH 7.4 containing Tween 20 at 0.5%. 

fterward, the blocking of free spaces of MagRobots were per- 

ormed using 5% BSA solution in PBS and incubated from 1 h at 

5 °C (400 rpm). The obtained solution (conjugated-1) was washed 

ith PBS solution containing 1% BSA. On the other hand, Ag–

uNRs@anti-SARS-CoV-2 spike protein (conjugate-2) was prepared. 

or that aim, 0.275 nM Ag–AuNRs was mixed with anti-SARS-CoV- 

 spike protein antibody solution (5 0 0 0 or 1 0 0 0 times diluted

rom the original solution for detect SARS-CoV-2 spike protein 

nd SARS-CoV-2, respectively) and incubated for 60 min, 650 rpm 

t 25 °C in PBS solution. Afterward, the blocking step was per- 

ormed by adding 20 μL of 5% BSA solution prepared in PBS to 

btain a final volume of 100 μL. This solution was incubated for 

0 min, 650 rpm at 25 °C followed by centrifugation at 14,0 0 0 rpm

or 60 s at 4 °C and re-suspended in PBS. Finally, conjugate-1 

nd conjugate-2 were placed in a solution of SARS-CoV-2 spike 

rotein or SARS-CoV-2 solutions at different concentration and a 

ransversal rotating magnetic field applied for 30 min. This step 

as performed in PBS solution containing 0.1% Tween 20. Fi- 

ally, the obtained solution was washed with PBS and Milli-Q 

ater. 

.4. SARS-CoV-2 and FIPV viral samples preparation 

Two representatives of the Coronaviridae family, i.e., SARS-CoV-2 

strain SARS-CoV-2/human/Czech Republic/951/2020 isolated from 

 clinical sample at the National Institute of Health, Prague, Czech 

epublic, and kindly provided by Dr. Jan Weber, Institute of Or- 

anic Chemistry and Biochemistry, Prague, Czech Republic) and fe- 

ine infectious peritonitis virus (FIPV, ATCC VR990) were used in 

his study. SARS-CoV-2 was grown in Vero E6 cells (ATCC CRL- 

586), cultured in Dulbecco ′ s modified Eagle ′ s medium (DMEM) 
3 
upplemented with 10% newborn calf serum, 100 U/mL penicillin, 

00 μg/mL streptomycin, and 1% glutamine (Sigma-Aldrich, Prague, 

zech Republic) at 37 °C and 5% CO 2 . FIPV was grown in Felis

atus kidney cortex cells (CRFK, ATCC CCL-94), cultured in DMEM 

upplemented with 10% newborn calf serum, 100 U/mL penicillin, 

00 μg/mL streptomycin, and 1% glutamine (Sigma-Aldrich, Prague, 

zech Republic) at 37 °C and 5% CO 2 . The virus titers were de- 

ermined using plaque assay as described previously [32] . The 

irus titer was expressed as plaque-forming units (PFU)/ml. Be- 

ore the use in the experiment, the virus was heat-inactivated 

y 60 °C for 45 min. The inactivation was confirmed by plaque 

ssay. 

.5. Electrochemical measurement 

LSV measurements were performed to evaluate the HER cataly- 

is of Ag-AuNR tags present in the magnetic immuno-sandwich as- 

ay using a scan rate of 2 mV s −1 in a potential window from 0.2

o 1.2 V vs. RHE. To evaluate the HER result for free Ag–AuNRs, 3 

L of 1.1 nM Ag–AuNRs solution was drop casted onto the work- 

ng electrode of SP electrode. For SARS-CoV-2 spike protein and 

ARS-CoV-2 detection, 15 μL of magnetic immuno-sandwich com- 

lex was placed and concentrated on the working electrode of SP 

lectrode using an external magnet placed behind it. Afterward, 

5 μL of H 2 SO 4 was added to obtain a final acid concentration of 

.5 mM; after 1 min, a current was applied at −0.97 V vs. RHE for

0 s. 

. Results and discussion 

Paramagnetic particles are an excellent candidate for use as Ma- 

Robots due to their unique magnetic properties (see Fig. S1 and 

able S1 in the supporting information) and they can be function- 

lized with diverse functional groups. However, in the micromotors 

esearch field, paramagnetic particles are not fully used; typically, 

hey are used for magnetic guidance [33] or to evaluate their col- 

ective behavior under a magnetic field [34] . Herein, paramagnetic 

articles are magnetically driven in order to capture and pre con- 

entrated proteins and virus particles on-the-fly. 

First, MagRobots motion under a transversal rotating magnetic 

eld was evaluated. For this aim, Mag Robots motion in different 

olution were performed, since the immunoassay formation [35] , 

nd the microrobots motion [36,37] shown ionic strength depen- 

ence. In 10 mM phosphate buffer, pH 7.4 solution (PBS), Ma- 

Robots did not show any motion ( see Video S1 ) and they re- 

ained motionless and attached to the glass surface even at high 

requencies, this PBS is a common reagents used to prepare the 

mmunoassay. However, when surfactant such as polyethylene gly- 

ol sorbitan monolaurate (Tween 20) and sodium dodecyl sulfate 

SDS), were included in the PBS solution, non-motile MagRobots 

tarted to rotate and form linear chains (see Video S2 ), surfactants 

oncentrations were at concentration of 1%. Tween 20 was shown 

s is more efficient additive as allowed microrobots to be detached 

rom the glass surface. Tween 20 is nonionic detergent, which in- 

reases the viscosity of the solution and prevents the adhesion of 

agRobots to the glass surface. However, Tween 20 is a common 

urfactant used to immunoassay formation. 

MagRobots chains were disassembled when the transversal ro- 

ating magnetic field was switched off (see Video S3 ), that obser- 

ation demonstrated that chains assembled and disassembled of 

ristine MagRobots depended of transversal rotating magnetic field 

nd it is in agreement with the reported literature [37] . Video S4 

hows the linear motion of MagRobots under a transversal rotat- 

ng magnetic field at frequencies ranging from 0.5 to 10 Hz. As can 

e seen, MagRobots assembled and formed linear chains and could 

omogeneously move at 3 and 5 Hz. However, at 7 and 10 Hz the 
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Fig. 1. TEM images of MagRobots@anti-SARS-CoV-2 SP/SARS-CoV-2 SP/Ag–

AuNRs@anti-SARS-CoV-2 SP conjugate (A) and pristine MagRobots (B). EDX 

elementary mapping from TEM images of Ag–AuNRs@anti-SARS-CoV-2SP/SARS- 

CoV-2SP/ MagRobots @anti-SARS-CoV-2 SP (C). 
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agRobots’ motion becomes unstable, and some of them shown 

umbling motion. 

To prevent MagRobots motion in only one direction and they 

ccumulation in one side of the test tube we have implemented 

 programed automated motion mode. For this aim, a predefined 

ectangular trajectory of MagRobots under a transversal rotating 

agnetic field was used (see Scheme S1 and Video 5 ). In this 

rogramed automated mode, MagRobots walk in three rows and 

wo columns and return. Video S5 shows the predefined rectan- 

ular trajectory performed at 5 Hz using magnetic field intensity 

f 5 mT. When programed automated motion mode was used, Ma- 

Robots are well dispersed in the solution. However when they run 

n just one direction they are accumulate in the side of test tube. 

ee Video S6 recorded using low magnification objective. 

Once the experimental conditions for MagRobots propulsion 

ere optimized, the immuno-sandwich assay was optimized using 

pike protein of SAR-CoV-2 (SAR-CoV-2 SP). Briefly, tosyl-activated 

agRobots were conjugated with anti-SARS-CoV-2 SP to obtain 

agRobots@anti-SAR-CoV-2 SP, see Scheme 1 (i) and materials and 

ethods section. In parallel, the anti-SARS-CoV-2 SP is also im- 

obilized on the surface of Ag–AuNRs to obtain Ag–AuNRs@anti- 

ARS-CoV-2 SP ( Scheme 1 (ii). Afterwards, MagRobots@anti-SAR- 

oV-2 SP and Ag–AuNRs@anti-SARS-CoV-2 SP conjugates were 

laced in the presence of SARS-CoV-2 spike protein to the de- 

ired concentration and predefined rectangular trajectories under 

 transversal rotating magnetic field at 5 Hz and 5mTwas run for 

0 min (see Scheme 1 (iii)). Herein, we take advantage of micro- 

ixing generated by the magnetic propulsion of MagRobots@anti- 

AR-CoV-2 SP to complete the immuno-sandwich assay. Video 

6 shows predefined rectangular trajectories under a transversal 

otating magnetic field of MagRobots@anti-SARS-CoV-2 SP/SARS- 

oV-2 SP/Ag–AuNRs@anti-SARS-CoV-2 SP. In this video, it can be 

learly seen that when is formed the complete magneto immuno- 

andwich assay; MagRobots were assembled forming 3D-staggered 

hains in instead of linear chains (see Scheme 1 (iv) and Video 

7). These collective self-assembly MagRobots through immuno- 

andwich assay is extraordinarily strong and cannot be disassem- 

led even when the transversal rotating magnetic field is off. These 

D-staggered chains MagRobots were faster that the individual Ma- 

Robots, moreover this strong motion avoid the precipitation of 

agRobots to the bottom of test tubes and increasing the mi- 

romixing effect. 

Transmission electron microscopy (TEM) and energy-dispersive 

-ray spectroscopy (EDS) analysis were carried out to evaluate 

he self-assembly of MagRobots through the immuno-sandwich as- 

ay. For this aim, TEM of MagRobots@anti-SARS-CoV-2 SP/SARS- 

oV-2 SP/Ag–AuNRs@anti-SARS-CoV-2 SP and pristine MagRobots 

ere compared, in both cases transversal rotating field using pro- 

ramed automated mode was applied for 30 min at 5 Hz and 

 mT. Fig. 1 A shows TEM images of MagRobots@anti-SARS-CoV-2 

P/SARS-CoV-2 SP/Ag–AuNRs@anti-SARS-CoV-2 SP that clearly are 

elf-assembled. Whereas, in absence of immuno-sandwich assay, 

ristine MagRobots did not assembled and isolated microparticles 

ere observed ( Fig. 1 B ). In addition, the presence of Ag-AuNRs 

ere observed by EDS elementary mapping analysis ( Fig. 1 C ) 

nd its EDS spectrum ( Fig. S2A) of MagRobots@anti-SARS-CoV- 

 SP/SARS-CoV-2 SP/Ag–AuNRs@anti-SARS-CoV-2 SP conjugate. 

learly, signal of Au and Ag were only observed on the surface of 

agRobots@anti-SARS-CoV-2 SP/SARS-CoV-2 SP/Ag–AuNRs@anti- 

ARS-CoV-2 SP ( Figs. 1 C and S2A). Moreover, the total absence of 

u and Ag was demonstrated on EDS spectrum of pristine Ma- 

Robots (Fig. S2B). 

To perform SARS-CoV-2 SP and SARS-CoV-2 virus particle de- 

ection, Ag–AuNRs were used as electro-catalytic label. Ag–AuNRs 

ere prepared via seeded-growth method of gold nanorods in 

he presence of silver nitrate (see Materials and Methods sec- 
4 
ion) [30,31] . The morphological and chemical characterized of 

g–AuNRs were performed by scanning transmission electron mi- 

roscopy (STEM) and energy-dispersive X-ray spectroscopy (EDS). 

he STEM and STEM high-angle dark-field retractable (STEM- 

ADF) micrographs ( Fig. 2 A and 2 B ) show uniform size and

hape distribution of Ag–AuNRs, whereas EDS elemental mapping 

rom the SEM image show that Ag–AuNRs have a uniform silver 

uter layer with a uniform gold core ( Fig. 2 C ). In addition, the

ize distribution obtained from STEM images reveals homogeneous 

ectangular-shaped Ag–AuNRs with average length and width of 

9.4 ± 9.3 nm and 39 ± 4.9 nm, respectively (see Fig. 2 D ). More-

ver, Ag–AuNRs show an average Ag outside layer thickness of 

2.6 ± 2.9 nm. In addition, the ultraviolet-visible (UV–Vis) spec- 

rum ( Fig. 3 A ) of Ag–AuNRs is in good agreement with values re-

orted previously, [31] with a particle concentration of 1.1 nM. 

After the Ag–AuNRs were morphologically characterized, hydro- 

en evolution reaction (HER) catalysis was performed using lin- 

ar sweep voltammetry (LSV) of screen-printed electrode modified 

ith Ag–AuNRs. HER is a cathodic half reaction of water splitting 

nd is used in many applications such energy conversion devices, 

rtificial photosynthetic cells and biosensing [3,38–40] . In addition, 

SV of an unmodified SP electrode was recorded as a control. The 

esulting LSV curves were compared in Fig. 3 B . Ag–AuNRs reveal 

nhanced HER performance with an onset potential of −0.97 V vs. 

HE at −10 mA/cm 

2 . In addition, Ag–AuNRs with different Ag side 

hickness were compared see Fig. S3 . Improved HER performance 

as observed in Ag–AuNRs with Ag side thickness of 8.7 nm (line 

ed); this NRs were used in the following experiment. 

Once the Ag–AuNRs@anti-SARS-CoV-2SP/SARS-CoV- 

SP/MagRobots@anti-SARS-CoV-2 SP is formed, sensing was 

erformed through HER catalysis of Ag–AuNRs. For this aim, 

agneto immuno-sandwich assay was placed and concentrated 

n the working electrode (WE) of SP electrode by external magnet 

laced behind the WE. Then, H 2 SO 4 0.5 M was added, see details 

n experimental section. Finally, chronoamperogram was recorded 

or 50 s by applying −0.97 V vs. RHE, the onset potential of HER 

f Ag–AuNRs. Two sets of control experiments were performed 

o evaluate the performance of the magnetic immuno-sandwich 

ssay developed here. The first control experiment was performed 

n conventional conditions to prepare the magnetic immuno- 

andwich assay using external shaking and the second one was 

erformed in static mode; both controls were compared with the 

obile mode. The recorded current from HER catalysis of all ex- 

eriments were compared in Fig. 4 A . Clearly, the enhanced current 
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Fig. 2. Morphological characterization of Ag–AuNRs. STEM images (A), STEM-HADF image (B), and EDS elementary mapping from SEM images (C) of Ag–AuNRs. Length, 

width, and Ag shell thickness distribution of Ag–AuNRs (D). 

Fig. 3. Optical and catalytic characterization of Ag–AuNRs. UV–Vis spectrum of Ag–

AuNRs (A) and LSV curves of Ag–AuNRs (red line) and SP electrode bare (black line) 

(B). 

i

r

(

o

t

c

w

S

t

v

i

w

t

a

s

p

m

S

s

n

0

s

f

c

I

e

w

F

u

p

S

p

t

s

w

s

d

r

t  

f  
ntensity was observed in MagRobots propelled under transversal 

otating magnetic field using programed automated motion mode 

see red column, dynamic). In addition, low current intensity were 

bserved when external shaker was used (see blue column), and 

he lowest current intensity was observed in static mode (yellow 
5 
olumn). The incubation time used was 30 min to be comparable 

ith the MagRobot in dynamic mode. In all experiment 500 ng/mL 

ARS-CoV-2 spike protein was used. According to One-Way ANOVA 

est statistical analysis with a confidence interval of 95%, the mean 

alues for immune-sandwich assay of SARS-Cov-2 SP prepared 

n static and dynamic modes as well as using external shakers 

ere statistically different with p = 0.0 0 0 04. The plausible reason, 

hat dynamic mode is more efficient to external shaker is because 

ntibodies can aggregated under shaking producing mechanical 

tress on them [41] . Moreover, we have observed that MagRobots 

artially precipitate to the bottom of test tube under shaker 

ode. 

Different mixing times were used to optimize the detection of 

AR-CoV-2 virus particle. 30 min was used since at 15 min the sen- 

itivity decreases and at 45 min the sensitivity not change (data 

ot shown). Moreover, different concentration Ag-AuNRs (0.138, 

.275 and 0.413 nM) were evaluated to prepare the immunoas- 

ay and not significant differences were observed. However, in the 

ollowing experiments 0.275 nM Ag-AuNRs was used because this 

oncentration showed a slightly improved result see Fig. S4 (A) . 

n addition, immunoassays prepared using Ag–AuNRs with differ- 

nt Ag side thickness were compared higher signal was observed 

hen Ag–AuNRs with Ag side thickness of 8.7 nm was used; see 

ig. S4 (B). In all cases 500 ng/mL SARS-CoV-2 spike protein was 

sed. 

In addition, selectivity assay was performed (see Fig. 4 B ). In the 

resence of 10 0 0 ng/mL hemoglobin (Hb) instead of 500 ng/mL 

ARS-CoV-2 spike protein. When the immuno-sandwich assay was 

erformed in presence of Hb, the system shows lower current in- 

ensity even when concentration of Hb was twice of SARS-CoV-2 

pike protein concentration. According to t -test statistical analysis 

ith a confidence interval of 95%, the mean values for immune- 

andwich assay of SARS-Cov-2 SP and Hb were very statistically 

ifferent with p = 0.0031. Finally, the calibration curve of current 

ecorded from HER catalysis as a function of different concentra- 

ion of SARS-CoV-2 spike protein is presented in Fig. 4 C . A range

rom 0.5 to 500 nM was obtained ( r = 0.99) with a limit of detec-
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Fig. 4. (A) HER catalysis of self-assembled MagRobots through immuno-sandwich 

assay prepared under external shaker (blue column), dynamic mode (red column) 

and static mode (yellow column). (B) Selectivity assay of self-assembled MagRobots 

through immuno-sandwich assay, hemoglobin (Hb) was used instead of SARS-CoV-2 

spike protein (SARS-CoV-2 SP). (C) Calibration curve of SARS-CoV-2 spike protein at 

different concentration as a function of current intensity obtained from HER cataly- 

sis of Ag–AuNRs used as labels in the self-assembled MagRobots through immuno- 

sandwich assay. Experimental conditions: In (A) 500 pg/mL SARS-CoV-2 SP was 

used in all experiments. In (B) 500 ng/mL of SARS-CoV-2 SP and 10 0 0 pg/mL of 

hemoglobin (Hb) were used. In all experiments, 30 min of incubation time were 

used. 

t

t

r

t
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t

p

Fig. 5. (A) Selectivity assay of self-assembled MagRobots through immuno- 

sandwich assay to detect SARS-CoV-2 using feline infectious peritonitis virus parti- 

cle (FIPV) instead of SARS-CoV-2 virus particle. (B) Calibration curve of SARS-CoV-2 

at different concentration as a function of current obtained from HER catalysis of 

Ag–AuNRs. Experimental conditions: In (A) 80 0 0 PFU/mL of FIPV and SARS-CoV-2 

virus particles was used. In all experiments, 30 min of incubation time were used. 
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ion (LOD) of 1.56 pg/mL and enhanced reproducibility with rela- 

ive standard deviation (RSD) of 3.21%. RSD is the mean of three 

epetitions and for four different concentrations. The wide detec- 

ion range reported here allows to obtain low LOD to detect SARS- 

oV-2 spike protein that it is very similar to that reported for de- 

ecting IgG (model protein for immunoassay systems) using bubble 

ropelled micromotors [3] . However, the greatest advantage of the 
6 
ystem reported in this paper is that these MagRobots do not need 

ny non-biocompatible and toxic fuel that can denature the pro- 

eins and antibodies. 

Finally, the detection of heat-inactivated authentic SARS-CoV-2 

as performed. For this aim, Ag–AuNRs@anti-SARS-CoV-2SP/SARS- 

oV-2/MagRobots@anti-SARS-CoV-2 SP conjugate was prepared in 

imilar way as for the spike protein (see materials and methods 

ection). First, we performed the selectivity assay, when SARS- 

oV-2 and feline infectious peritonitis virus (FIPV; member of 

enus Alphacoronavirus , family Coronaviridae ) [42] was used (see 

ig. 5 A). As can be seen in Fig. 5 A, our developed system based

n self-assembled MagRobots through immuno-sandwich assay 

hows enhanced selectivity for SARS-CoV-2 compared to another 

oronavirus. In these experiments, the same concentration (80 0 0 

FU/mL) of both virus particles was used as well as the same incu- 

ation time (30 min). According to t -test statistical analysis with a 

onfidence interval of 95%, the mean values for immune-sandwich 

ssay of SARS-Cov-2 and FIPV were extremely statistically different 

ith p = 0.0 0 01. 

In addition, calibration curve of current recorded from HER 

atalysis as a function of different concentration of SARS-CoV-2 

as performed ( Fig. 5 B). A linear range was observed from 8 to 

 × 10 4 PFU/mL, with r = 0.9733. This system shows as low de- 

ection limit (LOD) as of 1.11 PFU/mL and high reproducibility with 
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elative standard deviation (RSD) of 1.97%. The LOD reported in this 

ork is one order of magnitude lower that to the one reported by 

eo et al. [28] They detected SARS-CoV-2 virus particles using a 

eld-effect transistor that needed more complex system to record 

he sensing signal that the one that we used in this work. 

. Conclusion 

Here we have prepared self-assembled MagRobots through 

mmuno-sandwich assay. MagRobots modified with anti-SARS- 

oV-2 spike protein were used to load and pre-concentrate SARS- 

oV-2 by its spike protein and anti-SARS-CoV-2 spike protein con- 

ugation with Ag–AuNRs were used as labels. The detection was 

erformed through the HER electrocatalysis of Ag–AuNRs. This 

onceptually new microrobotic scheme for sensing of virus and 

roteins can be applied to any similar virus or protein detection. 
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