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ABSTRACT: The emergence of Alpha, Beta, Gamma, Delta, and Omicron variants of the severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) is 

responsible for several millions of deaths till now. Due 

to the huge amount of vaccine escape mutation in the 

spike (S) protein for different variants, the design of 

new material for combating SARS-CoV-2 is very im-

portant for our society.  Herein, we report for the de-

sign of human Angiotensin Converting Enzyme 2 

(ACE2) peptide conjugated plasmonic-magnetic hetero 

structure, which has capability for magnetic separation, 

identification via surface enhanced Raman spectrosco-

py (SERS) and inhibition of different variant SARS-

CoV-2 infections. In this work, plasmonic-magnetic 

heterostructure were developed using initial synthesis 

of polyethyleneimine (PEI) coated Fe3O4 based magnetic nanoparticles and then gold nanoparticles 

(GNPs) were grown onto the surface of magnetic nanoparticles by the citrate reduction of 

Au3+. Experimental binding data between ACE2 conjugated plasmonic-magnetic heterostructure and 

spike- receptor-binding domain (RBD) shows omicron has maximum binding ability and it follows Al-

pha < Beta < Gamma < Delta < Omicron. Our finding shows that, due to the high magnetic moment 

(specific magnetization 40 emu/g), bio-conjugated hetero structures are capable of effective magnetic 

separation of pseudotyped SARS-CoV-2 bearing the Delta variant spike from infected artificial nasal 

mucus fluid sample using a simple bar magnet. Experimental data shows that due to the formation of 

huge “hot spots” in the presence of SARS-CoV-2, Raman intensity for 4-aminothiolphenol (4-ATP) 

Raman reporter enhanced abruptly, which has been used for the identification of separated virus. Theo-

retical calculation using finite-difference time-domain (FDTD) simulation indicates due to the “hot 

spots” formation six orders of magnitude Raman enhancement can be observed. Concentration depend-

ent inhibition efficiency investigation using HEK293T-human cell line indicates that ACE2 peptide con-

jugated plasmonic-magnetic hetero structures has capability for complete inhibition of Delta variants 

and original SARS-CoV-2 pseudo virions entry into host cells. 

-------------------------------------------------------------------------------------------------------------------------------------- 
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1. INTRODUCTION 

Due to the emergence of mutations on the spike 

(S) protein gene in SARS-CoV-2 (severe acute 

respiratory syndrome coronavirus 2), the death 

toll for the COVID-19 (coronavirus disease-19) 

pandemic reached more than 6.2 million as of 

May 2022. As per Centers for Disease Control 

and Prevention (CDC), due to the mutations in 

the spike gene, different SARS-CoV-2 lineages 

such as B.1.1.7 (Alpha variant,), B.1.351 (Beta 

variant), B.1.1.28.1 (Gamma variant), B.1.617.2 

(Delta variant) and B.1.1.529 (Omicron variant) 

have emerged. It is also reported that Omicron 

and Delta variants, spreads more easily than ear-

lier variants. As it is well documented now, Omi-

cron variant has a total of 32 mutations on the S 

protein, as a result, it is capable of vaccine break-

through. Recent clinical study indicates that due 

to the 15 mutations in the receptor-binding do-

main (RBD), the delta and omicron strain has ca-

pability to escape the immune response, which 

has been acquired by the people in our society via 

COVID-19 infection or through several vaccines 

which are administered in last two years.  All the 

above data clearly indicates that designing new 

bio-conjugated material-based strategy to sepa-

rate, detect and block the omicron variant interac-

tions are very important for our society. Driven 

by the need herein we report the development of 

magnetic-plasmonic heterostructures which syn-

ergistically exhibits magnetic and plasmonic 

characteristics for magnetic separation, plas-

monic based SERS identification, and prevent the 

different variants virus entry into the host cells 

via blocking spike the protein RBD binding with 

host cells angiotensin converting enzyme 2 

(ACE2). 

 

From experimental reported data it is now well 

known that COVID-19 infection happens via 

twostep process. In the 1st step virus enter cells 

through the binding between the receptor binding 

domain (RBD) of spike protein in SARS-CoV-2 

and the host receptor, angiotensin-converting en-

zyme 2 (ACE2) of lung cells in human body. In 

the 2nd step, the transmembrane protease serine 

2 (TMPRSS2) helps to spread into the infected 

cell through endocytosis. Since the binding be-

tween spike protein RBD with ACE2 is the main 

pathway, we have anchored peptides derived 

from ACE2 with plasmonic-magnetic hetero-

structure for selective binding with SARS-CoV-2 

variants spike RBD, as well as to block the infec-

tion. 

 

Heterostructure composed of magnetic iron oxide 

and plasmonic noble metal (Au or Ag) nanoparti-

cles, exhibits magnetic, plasmonic, and photo 

thermal properties have wide applications in bio-

technology such as bio separation, plasmonic 

sensing, bioimaging, photo therapy and targeted 

drug delivery, etc. In our design, for the for-

mation of magnetic-plasmonic heterostructures, 

we have integrated plasmonic gold nanoparticle 

and magnetic Fe2O3 nanoparticles together with 

controlled structures. Due to the presence of 

magnetic nanoparticle the heterostructures exhib-

ited high superparamagnetic behavior with spe-

cific magnetization 84 emu/g Fe and it has been 

used for the separation of omicron variant SARS-

CoV-2 viruses from biological sample using sim-

ple bar magnet. Reported experimental data 

shows ACE2 peptide conjugated hetero structures 

can be used for 100% separation of different var-

iant of SARS-CoV-2 from infected artificial na-

sal mucus fluid sample. On the other hand, due to 

the formation of huge numbers of hot spot in the 

presence of SARS-CoV-2, we have achieved 

higher hotspot density, which allow us to achieve 

huge SERS enhancement for 4-aminothiolphenol 

(4-ATP) used as Raman reporter probe. As a re-

sult, in our design plasmonic gold nanoparticle 

has been used for identification of SARS-CoV-2 

viruses using SERS. Similarly, ACE2 peptide in 

bio-conjugated hetero structure has been used to 

bind with spike protein RBD, as a result, no va-

cant spike protein RBD are available to bind with 

ACE2 on lung cells in human body.  
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Figure 1: A) Scheme shows synthesis path we have used for the design of PEI-coated Fe3O4 nano 

cubes. B) Scheme shows synthesis path we have used for the design of ACE2 peptide attached 

plasmonic-magnetic heterostructures. C) Scheme shows the interaction between ACE2 peptide 

attached heterostructure and Omicron variant SARs-CoV-2 via spike protein-ACE2 interaction. 

 

 Reported experimental data using HEK293T-

human cell line demonstrated that ACE2 peptide 

conjugated plasmonic-magnetic hetero structures 

has capability for complete inhibition of different 

variants SARS-CoV-2 pseudo virions entry into 

host cells via blocking the ACE2-spike protein 

RBD binding. 

 

2. RESULTS and DISCUSSIONS  

 

2.1 Design of ACE2 Peptide attached plas-

monic-magnetic heterostructure 

 

ACE2 Peptide attached plasmonic-magnetic het-

erostructure were developed in three-step pro-

cess, as shown in Figure 1A-1B. In the first step, 

as shown in Figure 1A, PEI coated cubic shaped 

Fe3O4 magnetic nanoparticles were synthesized 

using ferrous sulfate heptahydrate, potassium ni-

trate, sodium hydroxide and poly ethylenimine. 

 

Experimental details have been reported in the 

supporting information. In brief, the mixture was 

heated to 90 °C under nitrogen atmosphere with 

continuous stirring for 2.5 hours.  
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Figure 2: A) TEM image shows the morphology of freshly prepared PEI-coated Fe3O4 nano cubes. 

B) TEM image shows the morphology of freshly prepared gold nanoparticle attached PEI-coated 

Fe3O4 nano cubes based plasmonic-magnetic heterostructures. C) Energy-dispersive X-ray spec-

troscopy (EDX) mapping data shows the presence of Au and Fe in plasmonic-magnetic hetero-

structures. D) X-ray diffraction (XRD) analysis from PEI-coated Fe3O4 nano cubes shows the 

presence of (012), (104), (110), (113), (202), (024), (116), (018), (214), (300), (208), (101) and (220), 

indices for hematite (αFe2O3) phase. E) X-ray diffraction (XRD) analysis from plasmonic-

magnetic heterostructure shows the presence of (111), (200), (220), (311) and (222) indices for gold 

nanoparticles are face-centered cubic crystalline structure and 012), (104), (110), (113), (202), 

(024), (116), (018), (214), (300), (208), (101) and (220), indices for hematite (αFe2O3) phase. F) Ex-

tinction spectra from PEI-coated Fe3O4 nano cubes, gold nano seeds and gold nanoparticle at-

tached PEI-coated Fe3O4 nano cubes based plasmonic-magnetic heterostructures. G) Tempera-

ture dependent magnetization curves for PEI-coated Fe3O4 nano cubes. H) Temperature depend-

ent magnetization curves for gold nanoparticle attached PEI-coated Fe3O4 nano cubes based 

plasmonic-magnetic heterostructures. 
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After that, the PEI coated cubic shaped Fe3O4 

magnetic nanoparticles were separated and puri-

fied by magnetic separation and redispersion in 

ultrapure water for several cycles and then dried 

in vacuum.  As shown in Figure 2A, the trans-

mission electron microscopy (TEM) image shows 

the size for freshly prepared PEI-coated Fe3O4 

nano cubes are 25 ± 5 nm.  As shown in Table 1, 

the dynamic light scattering (DLS) measurement 

data for freshly prepared PEI-coated Fe3O4 nano 

cubes matches well with the TEM data reported 

in Table 2A. The powder X-ray diffraction 

(XRD) pattern from freshly prepared PEI-coated 

Fe3O4 nano cubes, reported in Figure 2D shows 

the presence of (012), (104), (110), (113), (202), 

(024), (116), (018), (214), (300), (208), (101) and 

(220) refection, which indices hematite (αFe2O3) 

phase.  Figure 2G shows the temperature depend-

ent magnetization curves for PEI-coated Fe3O4 

nano cubes, from which we have estimated satu-

ration magnetization to be about 34 emu/g. 

 

In the first step, as shown in Figure 1B, initially 

gold nanoparticle attached PEI-coated Fe3O4 

nano cubes based plasmonic-magnetic hetero-

structures were developed from PEI-coated Fe3O4 

nano cubes using 1% HAuCl4 and 2. ml of 0.2 M 

hydroxyl amine hydrochloride. Experimental de-

tails have been reported in the supporting infor-

mation. For this purpose, gold atoms were depos-

ited onto PEI-coated Fe3O4 nano cubes surfaces 

via repeated reduction of Au3+ to Au0 and nuclea-

tion of Au0 by hydroxyl amine hydrochloride. In 

brief, PEI-coated Fe3O4 nano cubes was mechan-

ically stirred with NaOH (pH ∼12.0). After that 1 

1% HAuCl4 and hydroxyl amine hydrochloride 

were injected to the above solution where the re-

duced gold initiates the growth of gold seed sur-

faces and generates a spherical core shell of over-

layered gold. Finally, gold nanoparticle attached 

PEI-coated Fe3O4 nano cubes based plasmonic-

magnetic heterostructures were obtained by mag-

netitic separation followed by washed twice with 

water.  

 

Table 1: Size of PEI-coated Fe3O4 nano cubes, 

gold nanoparticle attached PEI-coated Fe3O4 

nano cubes based plasmonic-magnetic hetero-

structures and ACE2 peptide attached hetero-

structure, measured using dynamic light scat-

tering (DLS) and TEM techniques 

 

System DLS TEM 

PEI-coated Fe3O4 

nano cubes 

25 ± 5 nm 22 ± 8 nm 

Heterostructure 40 ± 10 

nm 

40 ± 10 

nm 

ACE2 peptide 

attached hetero-

structure 

50 ± 10 

nm 

40 ± 10 

nm 

 

The solid product again resuspended in 25 ml of 

ultrapure water and stored at refrigerator for few 

months. As shown in Figure 2B, TEM image 

shows the size for freshly prepared gold nanopar-

ticle attached PEI-coated Fe3O4 nano cubes based 

plasmonic-magnetic heterostructures are 40 ± 10 

nm.  As shown in Table 1, DLS measurement 

data for freshly prepared gold nanoparticle at-

tached PEI-coated Fe3O4 nano cubes based plas-

monic-magnetic heterostructures matches well 

with the TEM data reported in Figure 2. The 

XRD pattern from freshly prepared gold nanopar-

ticle attached PEI-coated Fe3O4 nano cubes based 

plasmonic-magnetic heterostructures were, re-

ported in Figure 2E shows the presence of (012), 

(104), (110), (113), (202), (024), (116), (018), 

(214), (300), (208), (101) and (220) indices for 

Fe2O3 and (111), (200), (220), (311) and (222) 

indices for gold.  Figure 2F shows the absorption 

spectra for gold nanoparticle attached PEI-coated 

Fe3O4 nano cubes based plasmonic-magnetic het-

erostructures and comparison with gold nanopar-

ticle and PEI-coated Fe3O4 nano cubes only.  

 

 

 

 



 

6 

 

 
 

 
 

Figure 3: A) FTIR spectra from freshly prepared ACE2 peptide attached plasmonic-magnetic 

heterostructures. B) Binding curve between ACE2 peptide attached plasmonic-magnetic hetero-

structures and Omicron variant SARS-CoV-2 spike-RBD and Alpha variant SARS-CoV-2 spike-

RBD. C) Plots shows how binding affinity between ACE2 peptide attached plasmonic-magnetic 

heterostructures and SARS-CoV-2 spike-RBD varies for different variants. D) Inhibition of GFP 

tagged pseudotyped SARS-CoV-2 bearing the Delta variant spike binding to the surface of HEK-

293T cells in the absence of ACE2 peptide attached plasmonic-magnetic heterostructures. Green 

fluorescence is due to the binding of GFP tagged pseudotyped SARS-CoV-2 bearing the Delta var-

iant spike with HEK-293T cells expressing ACE2. E) Inhibition of pseudotyped SARS-CoV-

2 bearing the Delta variant spike binding to the surface of HEK-293T cells in the presence of 

ACE2 peptide attached plasmonic-magnetic heterostructures. No green fluorescence is observed 

which indicate 100% blocking of binding. F) Inhibition efficiency of pseudotyped SARS-CoV-

2 bearing the Delta variant spike in the presence of ACE2 peptide attached plasmonic-magnetic 

heterostructures, ACE2 peptide attached GNPs, plasmonic-magnetic heterostructures without 

ACE2 peptide, plasmonic GNP, magnetic nanoparticle, and buffer (Mock). G) Inhibition efficien-

cy of pseudotyped SARS-CoV-2 bearing the original 2019 virus spike in the presence of ACE2 

peptide attached plasmonic-magnetic heterostructures, ACE2 peptide attached GNPs, plasmonic-



 

7 

 

magnetic heterostructures without ACE2 peptide, plasmonic GNP, magnetic nanoparticle, and 

buffer (Mock). H) Inhibition efficiency of pseudotyped SARS-CoV-2 bearing the Delta variant 

spike (10000/mL) in the presence of different amount of ACE2 peptide attached plasmonic-

magnetic heterostructures. I) Inhibition efficiency of pseudotyped SARS-CoV-2 bearing 

the original 2019 virus  spike (10000/mL) in the presence of different amount of ACE2 peptide at-

tached plasmonic-magnetic heterostructures. 

 

Reported data shows the plasmonic band from 

heterostructures. From the reported data we have 

also observed very broad plasmonic band and it 

is due to the formation of three-dimensional (3D) 

hotspot by gold nanoparticles on surface of het-

erostructure. Figure 2H shows the temperature 

dependent magnetization curves for gold nano-

particle attached PEI-coated Fe3O4 nano cubes 

based plasmonic-magnetic heterostructures, from 

which we have estimated saturation magnetiza-

tion to be about 40 emu/g. 

 

Next, for the design of ACE2 peptide attached 

plasmonic-magnetic heterostructures, we have 

used carbodiimide coupling chemistry between 

carboxy group of peptide and amine group of PEI 

coated magnetic nanoparticle. For this purpose, at 

first, we have used 1-ethyl-3(3-(dimethylamino)- 

propyl) carbodiimide· HCl (EDC) and N hy-

droxysuccinimide (NHS) coupling agents. After 

stirring for 24 h, ACE2 peptide attached plas-

monic-magnetic heterostructures were obtained 

by magnetitic separation followed by washed 

twice with water. Fourier-transform infrared 

spectroscopy (FTIR) data from ACE2 peptide 

attached plasmonic-magnetic heterostructures, as 

reported in Figure 3A shows amide A, amide-I, 

amide-II and amide-III bands which shows the 

ACE2 peptides are attached on the surface of 

plasmonic-magnetic heterostructures. As shown 

in Table 1, DLS measurement data for freshly 

prepared ACE2 peptide attached plasmonic-

magnetic heterostructures shows the size is 

around 50 ± 10 nm, which is 10 nm higher than 

plasmonic-magnetic heterostructures without 

ACE2 peptides. 

 

2.2. Finding the Binding Affinity for different 

variants SARS-CoV-2 Spike Protein RBD with 

ACE2 Peptide attached Plasmonic-Magnetic 

Heterostructures 

 

Since the binding between the receptor binding 

domain (RBD) of spike protein in SARS-CoV-2 

and ACE2 peptide attached plasmonic-magnetic 

heterostructures is the most important parameter 

to find out whether newly designed heterostruc-

tures has capability for blocking the COVID-19 

infections, we have determined binding affinity 

between different variants SARS-CoV-2 RBD 

and ACE2 peptide attached heterostructures. For 

this purpose, we have used Enzyme-linked im-

munosorbent (ELISA)-like assay using His-tag 

protein27-28. Experimental details have been re-

ported in supporting information. Initially, differ-

ent variants SARS-CoV-2 RBD were adsorbed to 

a 96-well plate overnight at 4 °C.  In next step, 

we have incubated blocking buffer and different 

amounts of ACE2 peptide attached plasmonic-

magnetic heterostructures on the plate. After that 

streptavidin protein was used which can conju-

gate with horseradish peroxidase (HRP). Next, 

TMB (3,3',5,5'-tetramethylbenzidine) was used 

for colorimetric identification. At the end, the 

binding affinity was determined using non-linear 

curve fitting as we and others have reported be-

fore. Figure 3B shows the binding curve between 

ACE2 peptide attached plasmonic-magnetic het-

erostructures and Alpha variant (B.1.1.7) spike 

protein-RBD. The same Figure we have also re-

ported the binding curve between ACE2 peptide 

attached plasmonic-magnetic heterostructures 

and Omicron variant (B.1.1.529) spike protein-

RBD. As reported in Figure 3C, from ELISA 

based binding data, we have found out the bind-

ing affinity between ACE2 peptide attached 

plasmonic-magnetic heterostructures and spike 

protein-RBD of Omicron variant as 7 ± 1 nM. 

Similarly, are reported in Figure 3C, we have 
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found out the binding affinity between ACE2 

peptide attached plasmonic-magnetic heterostruc-

tures and spike protein-RBD of Alpha variant as 

12 ± 1 nM. Reported experimental data in Figure 

3C shows the binding affinity for different vari-

ants varies as follows, Alpha < Beta < Gamma < 

Delta < Omicron.  

 

2.3. Finding the Blocking ability of the SARS-

CoV-2 original and Delta Variant (B.1.617.2) 

Virous infection by ACE2 Peptide attached 

Plasmonic-Magnetic Heterostructures using 

HEK-293T cells 

 

To understand whether ACE2 peptide attached 

plasmonic-magnetic heterostructures have capa-

bility to prevent the COVID infection via block-

ing the virus entry into the host cells, we have 

performed blocking ability experiments using 

pseudotyped SARS-CoV-2 bearing the Delta var-

iant spike as well as with pseudotyped SARS-

CoV-2 bearing the original 2019 virus spike. Ex-

perimental details have been reported in the sup-

porting information27-28. In brief, for both exper-

iments we have used GFP tagged Baculovirus 

pseudotyped with original SARS-CoV-2 spike 

protein, as well as GFP tagged Baculovirus 

pseudotyped with SARS-CoV-2 delta variant 

(B.1.617.2) spike protein. For this purpose, hu-

man embryonic kidney-239T cells with a high 

expression of ACE2 (HEK-293T) was cultured 

and then incubated with ACE2 peptide attached 

plasmonic-magnetic heterostructures and virus. 

 

Figure 3D shows green fluorescence image from 

HEK-293T cells due to the binding GFP tagged 

pseudotyped virus with HEK-293T cells via 

spike-ACE2 interaction, when ACE2 peptide at-

tached plasmonic-magnetic heterostructures are 

absence. On the other hand, Figure 3E shows no 

fluorescence from HEK-293T cells, in the pres-

ence of ACE2 peptide attached plasmonic-

magnetic heterostructures, which clearly indicate 

that pseudotyped virus cannot bind with HEK-

293T cells. The observed no fluorescence is 

mainly due to the fact that, once ACE2 peptide 

attached plasmonic-magnetic heterostructures 

binds with GFP tagged pseudotyped virus spike 

protein, there are no empty spike protein availa-

ble to bind with HEK-293T cells. Experimental 

observed data clearly indicates that ACE2 pep-

tide attached plasmonic-magnetic heterostruc-

tures have capability to block Delta variant viral 

infection. Figure 3F shows the inhibition effi-

ciency of pseudotyped SARS-CoV-2 bearing 

the Delta variant spike in the presence of ACE2 

peptide attached plasmonic-magnetic heterostruc-

tures, ACE2 peptide attached GNPs, plasmonic-

magnetic heterostructures without ACE2 peptide, 

plasmonic GNP, magnetic nanoparticle and buff-

er (Mock). Reported data clearly shows that 

ACE2 peptide presence is highly impotent for 

100% inhibition of virus infection. Similarly, 

Figure 3G shows the inhibition efficiency of 

pseudotyped SARS-CoV-2 bearing the original 

2019 virus spike in the presence of ACE2 peptide 

attached plasmonic-magnetic heterostructures, 

ACE2 peptide attached GNPs, plasmonic-

magnetic heterostructures without ACE2 peptide, 

plasmonic GNP, magnetic nanoparticle and buff-

er (Mock). Reported data clearly shows that 

ACE2 peptide presence is highly impotent for 

100% inhibition of original type SARS-CoV-2 

virus infection.  

 

Next to understand how the inhibition efficiency 

varies with the concentration of ACE2 peptide 

attached plasmonic-magnetic heterostructures. 

We have done inhibition efficiency experiment 

for pseudotyped SARS-CoV-2 bearing the Delta 

variant spike (10,000/mL) using 1 µg/mL to 25 

µg/mL, ACE2 peptide attached plasmonic-

magnetic heterostructures. As reported in Figure 

3H, experimental data clearly shows that 18 

µg/mL ACE2 peptide attached plasmonic-

magnetic heterostructures is enough for achieving 

100% inhibition efficiency. Similarly, we have 

done inhibition efficiency experiment for pseudo-

typed SARS-CoV-2 bearing the original 2019 

virus spike (10,000/mL) using 1 µg/mL to 20 

µg/mL, ACE2 peptide attached plasmonic-

magnetic heterostructures.  
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Figure 4: A) Photograph shows effective magnetic separation of pseudotyped SARS-CoV-

2 bearing the Delta variant spike from infected artificial nasal mucus fluid sample using a simple 

bar magnet. B) Separation efficiency for pseudotyped SARS-CoV-2 bearing the Delta variant 

spike from infected artificial nasal mucus fluid sample using ACE2 peptide attached plasmonic-

magnetic heterostructures and plasmonic-magnetic heterostructures without ACE2 peptide. C) 

Separation efficiency for pseudotyped SARS-CoV-2 bearing the original 2019 virus spike from 

infected artificial nasal mucus fluid sample using ACE2 peptide attached plasmonic-magnetic het-

erostructures and plasmonic-magnetic heterostructures without ACE2 peptide. D) TEM image 

shows the morphology of ACE2 peptide attached plasmonic-magnetic heterostructures conjugat-

ed pseudotyped SARS-CoV-2 bearing the Delta variant spike after magnetic separation. Inserted 

image shows morphology of Delta variants of Pseudo SARS-CoV-2 without heterostructure. E) 

SEM image shows the morphology of ACE2 peptide attached plasmonic-magnetic heterostruc-

tures conjugated pseudotyped SARS-CoV-2 bearing the original 2019 virus spike, after magnetic 

separation. Inserted high resolution image shows the formation of “hot spot” on the surface of vi-

rus. F) SERS spectra from 4-ATP conjugated heterostructures in the absence of pseudotyped 

SARS-CoV-2 bearing the Delta variant spike and in the presence of pseudotyped SARS-CoV-
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2 bearing the Delta variant spike after magnetic separation. G) SERS spectra from 4-ATP conju-

gated heterostructures in the presence of different amounts pseudotyped SARS-CoV-2 bearing 

the Delta variant spike. H) Finite-difference time-domain (FDTD) simulation data show the (|E|2) 

profile for GNP aggregates. GNP aggregate structure has been used from SEM/TEM data. I) In-

hibition of pseudotyped SARS-CoV-2 bearing the Delta variant spike binding to the surface of 

HEK-293T cells in the presence of ACE2 peptide attached plasmonic-magnetic heterostructures, 

after magnetic separation. No green fluorescence is observed which indicate 100% blocking of 

binding.  

 

 

As reported in Figure 3I, experimental data clear-

ly shows that 15 µg/mL ACE2 peptide attached 

plasmonic-magnetic heterostructures is enough 

for achieving 100% inhibition efficiency. 

 

2.4. Finding the Separation, identification, and 

inhibition ability of pseudotyped SARS-CoV-

2 bearing the Delta variant spike and pseudo-

typed SARS-CoV-2 bearing the original 2019 

virus spike from infected artificial nasal mu-

cus fluid sample using ACE2 Peptide attached 

Plasmonic-Magnetic Heterostructures 

 

To understand whether ACE2 peptide attached 

plasmonic-magnetic heterostructures can be used 

for effective magnetic separation, SERS based 

identification and complete inhibition of pseudo-

typed SARS-CoV-2 bearing the Delta variant 

spike from infected artificial nasal mucus fluid 

sample, we have performed using pseudotyped 

SARS-CoV-2 infected artificial nasal mucus fluid 

samples. For this purpose, initially we have de-

veloped 4-aminothiolphenol (4-ATP) Raman re-

porter attached bio-conjugated plasmonic-

magnetic heterostructures. To design 4-ATP at-

tached heterostructures, we have used Au-S con-

jugation chemistry to attached 4-ATP on the sur-

face of GNPs on heterostructures. Next, for the 

development of infected nasal mucus samples, 

different concentration of pseudotyped SARS-

CoV-2 bearing the Delta variant spike was added 

on the artificial nasal mucus (Biochemazone, 

Canada). After that we have added different con-

centration 4-ATP attached bio-conjugated plas-

monic-magnetic heterostructures and kept the 

mixture for 30 minutes with stirring. As shown in 

the Figure 4A, at the end we have used a bar 

magnetic to separate heterostructures attached 

pseudotyped virus.  

 

Figure 4D shows the TEM morphology of plas-

monic-magnetic heterostructures attached 

pseudotyped SARS-CoV-2 bearing the Delta var-

iant spike after magnetic separation. Next to de-

termine the separation efficiency, we have used 

real time reverse transcription polymerase chain 

reaction (RT-PCR) technique for determining 

amount of Baculovirus in the artificial nasal mu-

cus before and after the magnetic separation. As 

shown in Figure 4B, the separation efficiency 

was around 100% for pseudotyped SARS-CoV-

2 bearing the Delta variant spike. Similarly, we 

have also performed same experiment for 

pseudotyped SARS-CoV-2 bearing the original 

2019 virus spike. As shown in Figure 4C, the 

separation efficiency was around 100% for 

pseudotyped SARS-CoV-2 bearing the original 

2019 virus spike. Figure 4E shows the SEM mor-

phology of plasmonic-magnetic heterostructures 

attached pseudotyped SARS-CoV-2 bearing the  

original 2019 virus spike after magnetic separa-

tion. All reported experimental data clearly 

shows that bio-conjugated plasmonic-magnetic 

heterostructures have capability for 100% separa-

tion of pseudotyped SARS-CoV-2  from infected 

artificial nasal mucus fluid sample. 

 

Next, we have performed SERS based identifica-

tion of separated virus using 4-aminothiolphenol 

(4-ATP) Raman reporter attached bio-conjugated 

plasmonic-magnetic heterostructures. As reported 

in the Figure 4F, Raman intensity from 4-

aminothiophenol enhanced abruptly in the pres-
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ence of virus, after magnetic separation. The ob-

served strong Raman bands at ∼1590 cm−1 can be 

assigned as a1 vibrational modes, which is due to 

the ν(C–C + NH2 bend) vibrations. Similarly, we 

have also observed strong Raman bands at ∼1078 

cm−1which is mainly due to ν(C–C) + δ(C–H)] 

mode. In our SERS spectra, we have also ob-

served b2 mode Raman peaks at ∼1435 cm−1 

which is due to the CC stretch in Ph ring + 

NH2 rock. Other observed strong peak at ∼464 

cm−1 is due to ν(C–N) + ν(C–S) + γ(CCC) vibra-

tional modes. 

 

The observed huge enhancement of Raman inten-

sity in the presence of pseudotyped SARS-CoV-

2 bearing the Delta variant spike, is due to the 

formation of plasmonic-magnetic heterostruc-

tures aggregates on the surface of pseudotyped 

SARS-CoV-2 bearing the Delta variant spike via 

ACE2-spike interactions. As shown in the insert-

ed picture in Figure 4E, heterostructures aggre-

gates form several “hot spots”, which enhances 

Raman signal through plasmon-excitation cou-

pling and it is due to the strong light–matter in-

teractions on plasmonic-magnetic heterostruc-

tures surface. To understand better on the en-

hancement Raman signal in the presence of 

pseudotyped SARS-CoV-2, we have performed 

Raman experiment at different concentration of 

virus.  As shown in Figure 4G, Raman signal 

from 4-ATP enhanced abruptly as we increase 

the concentration of pseudotyped SARS-CoV-

2 bearing the Delta variant spike. It is mainly due 

to the fact that, as we increase the number of vi-

rus, the aggregates size increases, which enhanc-

es number of “hot spot” formations. As a result, 

the Raman signal from 4-ATP enhanced abruptly 

with the concentration of pseudotyped SARS-

CoV-2 . 

 

To determine how “hot spot” formation helps to 

increase Raman signal, we have performed theo-

retical calculation using finite-difference time-

domain (FDTD) simulation, as we have reported 

before. Details on theoretical modeling have been 

reported by us and others before. In brief for 

FDTD simulation, we have used 10 nm spherical 

gold nanoparticles, as we have observed in the 

TEM image, reported in Figure 2B. For our 

FDTD simulation, GNP aggregate structure has 

been used from TEM/SEM data, as reported in 

Figure 3D and 3E.  In our FDTD simulation, we 

have used 670 nm wavelength, 0.001 nm mesh 

resolution, and 4000 fs time, as we have reported 

before.  As reported in Figure 4H, the square of 

field (|E|2) enhances 3000 times in “hot spots”. 

As we and others have reported before, Raman 

enhancement is proportional to |E|4, as a result, 

from FDTD simulation data shows 6 orders of 

magnitude Raman enhancement due to the “hot 

spot” formations.  

 

Next, we have determined infection ability for 

plasmonic-magnetic heterostructures attached 

pseudotyped SARS-CoV-2 bearing the Delta var-

iant spike, after magnetic separation. For this 

purpose, human embryonic kidney-239T cells 

with a high expression of ACE2 (HEK-293T) 

was cultured and then incubated with plasmonic-

magnetic heterostructures attached GFP tagged 

pseudotyped SARS-CoV-2 bearing the Delta var-

iant spike after magnetic separation. Figure 4I 

shows no fluorescence from HEK-293T cells, 

which clearly indicate that plasmonic-magnetic 

heterostructures attached pseudotyped SARS-

CoV-2 cannot bind with HEK-293T cells. The 

observed no fluorescence is mainly due to the 

fact that, once ACE2 peptide attached plasmonic-

magnetic heterostructures binds with pseudo-

typed SARS-CoV-2 virus spike protein, there are 

no empty spike protein available to bind with 

HEK-293T cells. Reported experimental data 

clearly shows that plasmonic-magnetic hetero-

structures attached pseudotyped SARS-CoV-

2 bearing the Delta variant spike has no infection 

ability. 

 

4. CONCLUSION 

 

In conclusion, in this article we have demonstrat-

ed that ACE2 peptide attached plasmonic-

magnetic heterostructures can be used for effec-
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tive magnetic separation of pseudotyped SARS-

CoV-2 bearing the Delta variant spike from in-

fected artificial nasal mucus fluid sample using a 

simple bar magnet. Our reported binding data 

between ACE2 conjugated plasmonic-magnetic 

heterostructure and spike- receptor-binding do-

main (RBD) of different SARS-CoV-2 lineages 

such as B.1.1.7 (Alpha variant,), B.1.351 (Beta 

variant), B.1.1.28.1 (Gamma variant), B.1.617.2 

(Delta variant) and B.1.1.529 (Omicron variant) 

indicates omicron has maximum binding ability 

and it follows Alpha < Beta < Gamma < Delta < 

Omicron. Reported SERS data shows due to the 

formation of huge “hot spots” in the presence of 

SARS-CoV-2, 4-ATP Raman reporter-based 

Raman intensity can be sued for the identification 

of separated virus. Theoretical FDTD simulation 

reported here indicates due to the “hot spots” 

formation six orders of magnitude Raman en-

hancement can be observed. Using HEK293T-

human cell line and pseudotyped SARS-CoV-

2 bearing the Delta variant spike as well as 

pseudotyped SARS-CoV-2 bearing original 2019 

virus spike, we have shown that plasmonic-

magnetic heterostructures attached pseudotyped 

SARS-CoV-2 has no infection ability. Experi-

mental concentration dependent inhibition effi-

ciency investigation indicates that ACE2 peptide 

conjugated plasmonic-magnetic hetero structures 

has capability for complete inhibition of Delta 

variants and original SARS-CoV-2 pseudo viri-

ons entry into host cells. 
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