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Abstract
Several endemic corona viruses (eCoVs) have been reported to be the most common etiologic agents for the seasonal common 
cold and also cause pneumonia. These eCoVs share extensive sequence homology with SARS-CoV-2, and immune responses 
to eCoVs can cross-react with SARS-CoV-2 antigens. Based on such cross-reactivity of antigens among eCoVs, the IgG 
antibodies against the spike protein (SP) of severe acute respiratory syndrome coronavirus (SARS-CoV) were isolated from 
pig serum using magnetic beads immobilized with SARS-CoV SP and a protein-A column. The selectivity of the isolated 
antibodies was tested using different types of antigens, such as SARS-CoV-2 nucleoprotein (NP), influenza A virus (Beijing 
type), influenza B virus (Tokio and Florida types), human hepatitis B virus surface antigen (HBsAg), and bovine serum 
albumin (BSA). From the selectivity test, the anti-SP antibodies isolated from pig serum had sufficient selectivity to other 
kinds of viral antigens, and the apparent binding constant of the isolated antibodies was approximately 1.5 ×  10–8 M from 
the surface plasmon resonance (SPR) measurements. Finally, the isolated anti-SP antibodies were applied to the immunoas-
say of SP using competitive immunoassay configuration. The feasibility of the detection as well as the quantitative analysis 
of the SARS-CoV viral culture fluid was determined using four viral culture samples, namely, SARS-CoV, SARS-CoV-2, 
MERS-CoV, and CoV-229E.
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1 Introduction

Humans are reported to be infected by alpha- and beta-
coronaviruses (CoVs). Especially, beta-CoVs have caused 
acute respiratory diseases, such SARS-CoV-2, SARS-CoV, 
MERS-CoV [1–3]. Usually, the different human CoVs, 
such as CoV strains of OC43, HKU1, NL63, CoV-229E 
are known to be among the most common etiologic agents 

for the seasonal common cold and also cause pneumonia 
[4, 5]. Such endemic CoVs (eCoVs) have been reported to 
share extensive sequence homology with SARS-CoV-2, and 
immune responses to eCoVs can cross-react with SARS-
CoV-2 antigens [6–10]. Recently, the anti-SARS-CoV-2 
nucleoprotein (NP) was isolated from pig serum using 
human NP immobilized on microbeads [11–14]. Isolating 
the anti-NP antibodies from pig serum was considered feasi-
ble based on the similarity in amino acid sequences between 
human NP and the NPs of other CoVs. From such homol-
ogy in amino acid sequences, the isolated anti-NP antibodies 
could specifically detect NPs, and the viral culture of SARS-
CoV-2 could be distinguished from those of SARS-CoV, 
MERS-CoV, and CoV-229E. In this work, anti-SARS-CoV 
spike protein (SP) antibodies were isolated from pig serum 
based on such cross-reactivity of antigens among eCoVs 
using human SP.

This work aimed to isolate antibodies against SARS-
CoV SP from pig serum. Among four major structural pro-
teins from the CoV genome such as SP, envelope protein, 
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membrane protein, and NP [15], the SARS-CoV SP is a 
large protein with a molecular weight of 139.1 kDa, which 
is composed of 1,255 amino acids. The SP is classified as 
a group of class I viral fusion glycoproteins, and most of 
the protein appears on the viral surface. The SARS-CoV SP 
is known to be composed of two subunits: the S1 subunit 
recognizes and binds to the angiotensin-converting enzyme 
2 (ACE2) receptor and the S2 subunit mediates the fusion 
of host and viral membranes [16]. From such reasons, the 
SARS-CoV SP has been chosen as an important target for 
vaccines which induce the production of antibodies to block 
binding as well as fusion of CoVs into host cells. [17, 18].

The feasibility of isolating anti-SP antibodies was also 
considered on the basis of the homology of amino acid 
sequences between human SP and the SP of other CoVs 
[19]. For example, pigs have been reported to be infected 
by alpha- and beta-CoVs [20], such as the porcine epidemic 
diarrhea virus (PEDV; alpha-CoV), transmissible gastroen-
teritis virus (TGEV; alpha-CoV), and porcine hemaggluti-
nating encephalomyelitis virus (PHEV; beta-CoV) [1, 21]. 
As the first step, the amino acid homology between SARS-
CoV SP and several kinds of porcine CoVs SP that infected 
pigs was analyzed in comparison with PEDV (alpha-CoV), 
TGEV (alpha-CoV), and PHEV (Beta-CoV) using the Basic 
Local Alignment Search Tool (BLAST, https:// blast. ncbi. 
nlm. nih. gov). As summarized in Table 1, the SP from these 
CoV strains had a high identity and similarity in amino acid 
sequences compared to SARS-CoV SP. The SP from PHEV 
(beta-CoV) with 1349 amino acid residues was found to have 
37% identity and 54% similarity to SARS-CoV SP (Table 2). 
The other two pig-infecting alpha-CoVs were found to have 
SPs with an identity and similarity of 31% and 48% for 
TGEV (Table 3) and 35% and 52% for PEDV (Table 4), 
respectively. This sequence analysis demonstrates the highly 
homologous amino acid sequences of SPs between porcine 
CoVs and SARS-CoV [1, 22].

In this work, the isolation of anti-SP antibodies from pig 
serum was performed using magnetic beads immobilized 
with human SP. The selectivity to SP and specific binding 

Table 1  Homology analysis of SP with other CoV strains

PEDV porcine epidemic diarrhea virus, TGEV porcine transmissible 
gastroenteritis virus, PHEV porcine hemagglutinating encephalomy-
elitis virus

Virus species CoV type Similarity (%) Identity (%)

SARS-CoV vs. PEDV Alpha 52 35
SARS-CoV vs. TGEV Alpha 48 31
SARS-CoV vs. PHEV Beta 54 37
SARS-CoV vs. SARS-

CoV-2
Beta 86 76

SARS-CoV vs. MERS-CoV Beta 51 35
SARS-CoV vs. CoV-229E Beta 51 35

Table 2  Homology analysis of amino acid sequences of SP between SARS-CoV and porcine hemagglutinating encephalomyelitis virus (PHEV)

https://blast.ncbi.nlm.nih.gov
https://blast.ncbi.nlm.nih.gov
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Table 3  Homology analysis of amino acid sequences of SP between SARS-CoV and porcine transmissible gastroenteritis virus (TGEV)

Table 4  Homology analysis of amino acid sequences of SP between SARS-CoV and porcine epidemic diarrhea virus (PEDV)

Virus species Residue 
number Sequence

SARS-CoV
PEDV

1
1

MFIFLL-------FLTLTSGSDLDRCTTFD---------DVQAPNYTQHTSSMRGVYYPDEIFRSDTLYL---------TQDLFLPFYSNVTGFHT---------
MRSLIYFWLLLPVLPTLSLPQDVTRCQSTTNFRRFFSKFNVQAPAVV-----VLGGYLPSM--NSSSWYCGTGIETASGVHGIFLSYIDSGQGFEIGISQEPFDP

SARS-CoV
PEDV

71
98

-----------------------------------INHTFGNPVIPFKDGIYFAATEKSNVVRGWVFGSTMNN--------KSQSVIIINNSTNVVIRACNF---
SGYQLYLHKATNGNTNAIARLRICQFPDNKTLGPTVNDVTTGRNCLFNKAIPAYMRDGKDI----VVGITWDNDRVTVFADKIYHFYLKNDWSRVATRCYNRRSC

SARS-CoV
PEDV

120
198

---------------------------------------------------------------------------ELCDNPFFAVSKPMGTQTHTMIFDNAFNCT
AMQYVYTPTYYMLNVTSAGEDGIYYEPCTANCTGYAANVFATDSNGHIPEGFSFNNWFLLSNDSTLLHGKVVSNQPLLVNCLLAIPKIYGLGQF---F--SFNHT

SARS-CoV
PEDV

150
249

FEYISDAFSLDVSEKSGNFKHLREFVFKNKDGF--LYVYKGYQPIDVVRDLPSGFNTLKPIFKLPLGINITNFRAILTAFSPAQDIWGTSAAAYFVGYLKPTTF-
MDGVCNGAAVDRAPEALRFNINDTSVIL-AEGSIVLHTALGTN-LSFVC--SNSSDPHLAIFAIPLGATEVPYYCFLKVDT-----YN-STVYKFLAVLPPTVRE

SARS-CoV
PEDV

251
343

-------------------------------------------------ML-KYDENGTITDAVDCSQNPLAELKCSVKSFEIDKGIYQTS-----------NFR
IVITKYGDVYVNGFGYLHLGLLDAVTINFTGHGTDDDVSGFWTIASTNFVDALIEVQGTSIQRILYCDDPVSQLKCSQVAFDLDDGFYPISSRNLLSHEQPISFV

SARS-CoV
PEDV

295
447

VVPSGDVVRFPNITNLCPFGEVFNATKFPSVYAWERKKISNCVADYSVLYNSTFFSTFKCYGVSATKLNDLCFSNVYADSFVVKGDDVRQIAPGQTGVIADYNYK
TLPSFNDHSFVNITVSAAFGGLSSANLVASDTTI---------------------NGFSSFCV------------------------------------------

SARS-CoV
PEDV

399
489

LPDDFMGCVLAWNTRNIDATSTGNYNYKYRYLRHGKLRPFERDISNVPFSPDGKPCTPPALNCYWPLNDYGFYTTTGIGYQPYRVVVLSFELLNAPATVCGPKLS
------------DTRQFTITLFYNVTNSYGYVSKSQ-------DSNCPFT-------LQSVNDYLSFSKFCVST------S-LLAGACTIDLFGYPAFGSGVKLT

SARS-CoV
PEDV

503
561

T-------------------------DLIKNQCVNFNFNGLTGTGVLTPSSKRFQPFQQFGRDVSDFTDSVRDPKTSEILDISPCAFGGVSVITPGTNASSEVAV
SLYFQFTKGELITGTPKPLEGITDVSFMTLDVCTKYTIYGFKGEGIITLTNSSILAGVYYTSDSGQLL-AFKNVTSGAVYSVTPCSFSE------------QAAY

SARS-CoV
PEDV

582
652

LYQDVNCTDVSTAIHADQLTPAWRIYSTGNNVFQTQAGCLIGAEHVDTSYECDIPI----GAGICASYHTVSLLRSTSQKSIVAYTMSLGADSSIAYS-NNTIAI
VNDDIV----------------GVISSLSNSTFNNTRELPGFFYHSNDGSNCTEPVLVYSNIGVCKSG-------------SIGYVPSQYGQVKIAPTVTGNISI

SARS-CoV
PEDV

681
727

PTNFSISITTEVMPVSMAKTSVDCNMYICGDSTECANLLLQYGSFCTQLNRALSGIAAEQDRNTREVFAQVKQMYKTPTLKYFG--GFNFSQILPDPL-------
PTNFSMSIRTEYLQLYNTPVSVDCATYVCNGNSRCKQLLTQYTAACKTIESALQLSARLESVEVNSMLTISEEALQLATISSFNGDGYNFTNVLGASVYDPASGR

SARS-CoV
PEDV

776
831

KPTKRSFIEDLLFNKVTLADAGFM-KQYGE CLGDINARDLICAQKFNGLTVLPPLLTDDMIAAYTAALVSGTATAGWTFGAGAALQIPFAMQMAYRFNGIGVTQ
VVQKRSVIEDLLFNKVVTNGLGTVDEDYKR CSNGRSVADLVCAQYYSGVMVLPGVVDAEKLHMYSASLIGGMALGGITA----AAALPFSYAVQARLNYLALQT

SARS-CoV
PEDV

879
931

NVLYENQKQIANQFNKAI--------------SQIQESLTTTSTALGKLQDVVNQNAQALNTLVKQLSSNFGAISSVLNDILSRLDKVEAEVQIDRLITGRLQSL
DVLQRNQQLLAESFNSAIGNITSAFESVKEAISQTSKGLNTVAHALTKVQEVVNSQGSALNQLTVQLQHNFQAISSSIDDIYSRLDILSADVQVDRLITGRLSAL

SARS-CoV
PEDV

969
1035

QTYVTQQLIRAAEIRASANLAATKMSECVLGQSKRVDFCG-KGYHLMSFPQAAPHGVVFLHVTYVPSQERNFTTAPAICHEGKAYF-PRE-G-------VFVFNG
NAFVAQTLTKYTEVQASRKLAQQKVNECVKSQSQRYGFCGGDGEHIFSLVQAAPQGLLFLHTVLVPGDFVNVLAIAGLCVNGEIALTLREPGLVLFTHELQTYTA

SARS-CoV
PEDV

1064
1139

TSWFITQRNFFSPQIITTDNTFVSGNCDVV-IGIINNTVYDPLQPELDSFK--EELDKYFKNHTSPDVDLGDISGINASVVNIQKEI--------------DRLN
TEYFVSSRRMFEPRKPTVSDFVQIESCVVTYVNLTSDQLPDVIPDYIDVNKTLDEILASLPNRTGPSLPLD---VFNATYLNLTGEIADLEQRSESLRNTTEELR

SARS-CoV
PEDV

1151
1240

EVAKNLNESLIDLQELGKYEQYIKWPWYVWLGFIAGLIAIVMVTILLCCMTSCCSCLK--GACSCGSCCKFDEDDSEPVLKGVKLHYT
SLINNINNTLVDLEWLNRVETYIKWPWWVWLIIVIVLIFVVSLLVFCCISTGCCGCCGCCGACFSG-CCRGPRLQPYEAFEKVH--VQ

*Black square: Completely matched sequence
Grey square: Sequence with similar property
Dash line: gap to fill out unmatched sequence
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properties of the isolated antibodies were then analyzed 
using immunoassays. Using the surface plasmon reso-
nance (SPR) biosensor, the apparent binding constant  (KD) 
of the isolated anti-SP antibodies was estimated. Finally, 
the isolated anti-SP antibodies were used to differentiate 
the viral culture of SARS-CoV from that of SARS-CoV-2, 
MERS-CoV, and CoV-229E using a competitive assay 
configuration.

2  Results and Discussion

2.1  Isolation of Anti‑SP Antibodies from Pig Serum

The anti-SP antibodies were isolated from pig serum 
using magnetic beads immobilized with SARS-CoV SP. 
As shown in Fig. 1a, the magnetic beads were mixed with 
pig serum, and the proteins bound to the magnetic beads 

were dissociated using treatment with acid. The dissoci-
ated proteins were considered to contain anti-SP antibod-
ies. The antibody fraction was selectively isolated from 
the dissociated proteins using a protein-A column. The 
isolated antibody fraction showed an immunoglobulin 
protein band at the molecular weight of 150 kDa before 
reduction with dithiothreitol (DTT) (Fig. 1b). Fragments 
of the immunoglobulin were observed for heavy chains 
at a molecular weight of 50 kDa and for light chains at a 
molecular weight of 25 kDa after the disulfide bonds were 
reduced by treatment with DTT. These results showed 
that antibodies (IgGs) were successfully isolated from pig 
serum using magnetic beads immobilized with SARS-CoV 
SP. For the calculation of yield of antibodies from pig 
serum, the total protein in pig serum from Sigma-Aldrich 
Korea (Seoul, Korea) was estimated to be 87.2 ± 5.8 mg 
from pig serum (1 mL) (n = 5). And, the adsorbed protein 
to the magnetic beads with the immobilized SARS-CoV 

Fig. 1  Isolation of anti-SP antibodies from pig-serum. a The anti-SP 
antibodies were isolated using magnetic beads with covalently immo-
bilized SP. The isolation was carried out by (1) binding of proteins to 
the magnetic beads, (2) dissociation of proteins from magnetic bead 
using acid treatment, (3) isolation of antibody (IgG) fraction using 

protein-A column. b SDS-PAGE of the absorbed proteins (from acid 
treatment step) and isolated anti-SP antibodies under non-reducing 
condition without dithiotreitol (DTT) and reducing conditions with 
DTT
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SP was estimated to be 48.4 ± 13.0 µg from pig serum 
(1 mL) (n = 5). Finally, the isolated anti-SP antibodies 
(IgGs) through protein-A column were estimated to be 
13.8 ± 3.4 µg from pig serum (1 mL) (n = 5). Therefore, 
the yield of the isolated anti-SP antibodies was calculated 
to be 0.015 ± 0.004% (n = 5).

2.2  Properties of Anti‑SP Antibodies from Pig 
Serum

The isolated anti-SP antibodies from pig serum were con-
sidered polyclonal antibodies composed of antibodies with 
different epitopes of SP. The binding properties of the iso-
lated anti-SP antibodies were estimated using the immobi-
lized SARS-CoV SP (Fig. 2a). The bound antibodies were 
quantified using secondary antibodies and the chromogenic 
reaction with 3,3’,5,5’-tetramethylbenzidine (TMB) [23, 24]. 
The isolated anti-SP antibodies in the concentration range 
of 6.8 ng/mL – 5.0 µg/mL were used to immobilize the SPs. 
The SARS-CoV-2 NP solution in the same concentration 
range was used as a negative control. The isolated anti-SP 
antibody showed quantitative binding to the immobilized 
SP, and the negative control showed nearly baseline level 
binding over the whole concentration range (Fig. 2b). These 
results showed that the isolated polyclonal antibodies had 
specific and quantitative binding properties to SARS-CoV 
SP. The selectivity of the isolated anti-SP antibodies was 
tested using different types of antigens, such as SARS-CoV 
SP, SARS-CoV-2 NP, influenza A virus (Beijing type), influ-
enza B virus (Tokio and Florida types), human hepatitis B 
virus surface antigen (hHBsAg), and bovine serum albumin 
(BSA). As shown in Fig. 2c, the isolated anti-SP antibod-
ies were observed to bind remarkably more to SARS-CoV 
SP in comparison to other proteins. These results showed 
that the isolated anti-SP antibodies had a significantly high 
selectivity and could be used for the specific detection of 
SARS-CoV SP. As previously reported [11–13], the anti-NP 
antibodies were also isolated from pig serum using mag-
netic beads immobilized with SARS-CoV-2 NP. When the 
same antigens in Fig. 2c were used for the selectivity test 
of the anti-NP antibodies, NP showed a remarkably higher 
response in comparison with other antigens, including 
SARS-CoV SP, as shown in Fig. 2d. These results showed 

Fig. 2  Binding properties of the isolated anti-SP antibodies. a Con-
figuration of the binding activity test using immobilized SP on micro-
plate. b Comparison of binding activity of the isolated anti-SP anti-
bodies to SARS-CoV SP and SARS-CoV-2 NP. The selectivity tests 
of the isolated c anti-SP antibodies and d anti-NP antibodies against 
different types of antigens, such as SARS-CoV-2 NP, influenza A 
virus (Beijing type), influenza B virus (Tokio and Florida types), 
human hepatitis B virus surface antigen (HBsAg), and bovine serum 
albumin (BSA)

▸
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that the anti-SP antibodies isolated from pig serum had high 
selectivity for other kinds of viral antigens.

The binding constants of the isolated anti-SP antibodies 
were estimated using an SPR biosensor. SP was immo-
bilized on the Au chip of the SPR biosensor (Fig. 3a). 
To estimate the  KD of the isolated anti-SP antibodies, the 
SPR response was monitored during the continuous flow 
of the isolated anti-SP antibody solution at a flow rate of 

15 μL/min. The isolated anti-SP antibody solutions in the 
concentration range of 2.5 nM – 66.7 nM were used for 
the SPR measurements (Fig. 3b). As the isolated anti-SP 
antibodies were a mixture of antibodies (polyclonal anti-
bodies), the  KD could not be estimated for each antibody. 
However, the  KD of the isolated anti-SP antibodies was 
approximately 1.5 ×  10–8 M from the SPR measurements, 
which could be used to compare binding properties with 

Fig. 3  Estimation of binding constant (KD) of the isolated antibodies 
using SPR biosensor. a Configuration for the SPR measurement using 
immobilized isolated antibodies on Au-chip. The SPR measurement 
was carried out under the continuous flow condition for the monitor-

ing of association and dissociation of the antibodies. The sensorgrams 
of SPR measurements according to the concentration of isolated b 
anti-SP antibodies and c anti-NP antibodies against immobilized SP
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Fig. 4  Competitive immunoassay of SP in viral culture fluids of 
SARS-CoV-2, SARS-CoV, MERS-CoV, CoV strain 229E using the 
isolated anti-SP antibodies. a Configuration of the competitive immu-
noassay using magnetic beads with immobilized SP and the isolated 

anti-SP antibody solution at a known concentration. b Assay results 
of SARS-CoV SP and SARS-CoV-2 NP in standard samples using 
the competitive immunoassay. c Assay results of four kinds of CoV 
viral culture fluids using the competitive immunoassay
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other antibodies. The anti-NP antibody isolated from pig 
serum was carried out as shown in Fig. 3c. When anti-NP 
antibody solutions at the same concentration range as that 
in Fig. 3b were used for the binding assay to the SARS-
CoV SP, anti-NP antibody showed an approximately 5-fold 
lower SPR response in comparison to anti-SP antibodies. 
These results showed that the anti-SP antibodies isolated 
from pig serum had sufficiently high specificity to SP.

2.3  Immunoassay of CoV Viral Fluids with Anti‑SP 
Antibodies from Pig Serum

The isolated anti-SP antibodies were used for the detection 
of SPs in the samples. In this immunoassay, the SPs were 
immobilized on magnetic beads and mixed with samples, 
as well as a known concentration of the isolated anti-SP 
antibodies (Fig. 4a). The number of antibodies bound to the 
magnetic beads was quantified using a secondary antibody 
and the chromogenic reaction of TMB. In the case of nega-
tive samples without SPs, the isolated anti-SP antibodies 
could only bind to the SPs on the magnetic beads. In the case 
of positive samples with SPs (target antigens), the mixed 
antibodies could bind to the SPs on the magnetic beads as 
well as the SPs in the sample. Therefore, the number of anti-
bodies in the positive samples on the magnetic beads was 
always lesser than that of the negative samples. The dif-
ference between the number of antibodies on the magnetic 
beads could be correlated with the number of SPs (target 
antigens) in the samples. As the isolated anti-SP antibodies 
consisted of different kinds of antibodies (polyclonal anti-
bodies), it was very difficult to select antibodies with differ-
ent epitopes for the formation of sandwich complexes. Such 
a competitive test could be effectively used for the detection 
of SPs in a sample even without the formation of a sand-
wich complex that requires two different types of antibodies, 
which should have different epitopes for the binding of anti-
bodies. A competitive assay configuration was applied for 
the detection of SPs in the standard samples. Standard sam-
ples were prepared in the SP concentration range of 0.02 μg/
mL– 20 μg/mL in phosphate-buffered saline (PBS), and the 
samples of SARS-CoV-2 NP were also prepared as a nega-
tive control (Fig. 4b). For the standard samples, the com-
petitive assay could be used for the quantitative detection of 
SPs, and the signal for the negative control was observed to 
be at the baseline level in comparison with a blank sample 
(only with PBS).

The competitive assay was applied to four viral culture 
samples: SARS-CoV, SARS-CoV-2, MERS-CoV, and CoV-
229E. The viral culture fluids of four CoVs were diluted 
from 10-fold (dilution factor of 10%) to 4 ×  104-fold (dilu-
tion factor of 0.04%) (Fig. 4c). For example, the dilution 
factor of culture fluid at 1% corresponded to a 100-fold dilu-
tion. The viral culture fluids of SARS-CoV showed a much 

higher response than those of the other three types of viral 
culture fluid in the whole dilution range. In particular, the 
viral culture fluids of SARS-CoV-2 and CoV-229E showed 
a much lower response than that of SARS-CoV. Quantita-
tive analysis was deemed possible for the viral culture fluids 
of SARS-CoV at a dilution range of 10-fold – 4 ×  104-fold. 
These results showed that the detection and quantitative 
analysis of viral culture fluid of SARS-CoV were feasible 
using the anti-SP antibodies isolated from pig serum.

3  Conclusion

The anti-SP antibodies were isolated from pig serum 
using magnetic beads immobilized with SARS-CoV SP 
and a protein-A column. For the calculation of yield of 
antibodies from pig serum, the total protein in pig serum 
was estimated to be 87.2 ± 5.8 mg from pig serum (1 mL) 
(n = 5). And, the adsorbed protein to the magnetic beads 
with the immobilized SARS-CoV SP was estimated to be 
48.4 ± 13.0 µg from pig serum (1 mL) (n = 5). Finally, the 
isolated anti-SP antibodies (IgGs) through protein-A col-
umn were estimated to be 13.8 ± 3.4 µg from pig serum 
(1 mL) (n = 5). Therefore, the yield of the isolated anti-SP 
antibodies was calculated to be 0.015 ± 0.004% (n = 5). 
The selectivity of the isolated anti-SP antibodies was 
tested using different types of antigens, such as SARS-CoV 
SP, SARS-CoV-2 NP, influenza A virus (Beijing type), 
influenza B virus (Tokio and Florida types), hHBsAg, 
and BSA. From the selectivity test, the anti-SP antibodies 
isolated from pig serum had a high enough selectivity to 
other kinds of viral antigens, and the  KD of the isolated 
anti-SP antibodies was approximately 1.5 ×  10–8 M from 
the SPR measurements. The isolated anti-SP antibodies 
were applied to the immunoassay of SP using a competi-
tive immunoassay configuration. In this immunoassay, the 
SPs were immobilized on magnetic beads and mixed with 
samples, as well as a known concentration of the isolated 
anti-SP antibodies. The competitive assay was applied to 
four kinds of viral culture samples, namely, SARS-CoV, 
SARS-CoV-2, MERS-CoV, and CoV-229E. The detec-
tion and quantitative analysis of the viral culture fluid of 
SARS-CoV were deemed to be feasible using the anti-SP 
antibodies isolated from pig serum.

4  Materials and Methods

4.1  Materials

The anti-pig IgG antibody labeled with horseradish 
peroxidase (ab102135) was purchased from Abcam 
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(Cambridge, UK). M-280 tosyl-activated dynabeads 
(diameter of 2.8 µm, 14203) were purchased from Inv-
itrogen Co. (Carlsbad, CA, USA). Pig serum (porcine 
serum, P9783-500 mL), BSA (A2153), and other chemi-
cals were purchased from Sigma-Aldrich Korea (Seoul, 
Korea). The bicinchoninic acid (BCA) assay kit (23227) 
and TMB reagent (34021) was purchased from Thermo 
Fisher Scientific (Waltham, MA, USA). The SARS-CoV 
SP and SARS-CoV-2 NP were supplied by Optolane Inc 
(Seongnam, Korea). Influenza virus antigens (R86280 [A/
Beijing/262/95], R86250 [B/Tokio/53/99]), R01247 [B/
Florida/07/04], were purchased from Meridian Life Sci-
ence Inc (Memphis, TN, USA). Culture fluids of SARS-
CoV-2, SARS-CoV, MERS-CoV, and CoV-229E were 
obtained from Zeptometrix (Buffalo, NY, USA).

4.2  Purification of Anti‑SP Antibodies

Isolated anti-SP (or NP) antibodies against SARS-CoV SP 
(or SARS-CoV-2 NP) were isolated from pig serum as fol-
lows. First, the pig serum (1 mL) was added to magnetic 
beads (5 mg) coated with SARS-CoV SP (20 µg). The reac-
tion tube was agitated by mild shaking using a program-
mable digital rotator for 1 h (RT-10, Daehan Scientific Co, 
Wonju, Korea). Next, the absorbed proteins bound to the 
magnetic beads were dissociated by treatment with 1 mL of 
0.1 M glycine–HCl buffer (pH 2.7) for 30 s, and then, 30 μL 
of 1 M Tris–HCl buffer (pH 11) was added for neutraliza-
tion. The anti-SP antibodies were purified using a protein-
A column without other proteins. Finally, the product was 
concentrated using an Amicon filter with a cutoff pore size 
of 10 kDa. The yield of anti-SP antibodies from 1 mL of 
pig serum was determined using a BCA kit according to the 
manufacturer’s instructions.

4.3  The Binding Affinity Analysis of the Anti‑SP 
Antibodies

The binding properties of the isolated anti-SP antibodies 
were estimated using a Maxisorp microplate, as shown in 
Fig. 2a. For the microplate binding assay, the SARS-CoV 
SP (20 μg/mL, 100 μL) was incubated in a microplate at 
4 °C for overnight. The SARS-CoV-2 NP solution in the 
same concentration range was used as a negative control 
(Fig. 2b). After washing with 0.1% PBST and PBS, each 
well was blocked with BSA (5 mg/mL, 150 μL) for 1 h. 
After washing, the isolated anti-SP antibodies (100 µL) in 
the concentration range of 6.8 ng/mL – 5.0 µg/mL were used 
to immobilize the SPs. Then, the HRP-labeled secondary 
antibody (10 ng/mL, 100 µL) was added and the solution 
was incubated for 1 h. After washing, the chromogenic reac-
tion was carried out using the TMB reagent for 3 min. Then, 
each well was quenched with 2 M sulfuric acid (100 μL) and 

the optical density was measured at 450 nm using a Ver-
samax Microplate Reader (Molecular Devices, Sunnyvale, 
CA, USA).

The selectivity of the isolated anti-SP antibodies was 
tested using different types of antigens, namely, SARS-
CoV SP, SARS-CoV-2 NP, influenza A virus (Beijing type), 
influenza B virus (Tokio and Florida types), hHBsAg, and 
BSA. (Fig. 2c and 2d). Each antigen (20 μg/mL, 100 μL) 
was incubated in a microplate at 4 °C for overnight. After 
washing with 0.1% PBST and PBS, each well was blocked 
with BSA (5 mg/mL, 150 μL) for 1 h. After washing, the iso-
lated anti-SP antibodies (5 µg/mL, 100 µL) were treated with 
the immobilized antigen. After washing, the HRP-labeled 
secondary antibody (10 ng/mL, 100 µL) was added and the 
solution was incubated for 1 h. The chromogenic reaction 
step was performed under the same conditions.

4.4  SPR Measurement

The  KD of isolated anti-SP antibodies were estimated using 
an SPR biosensor from i-ClueBio (Seongnam, Korea) 
(Fig. 3b and 3c). Au chips for SPR measurements were 
prepared using the following procedure. First, BK-7 glass 
(10 × 10  mm2, thickness of 0.5 mm) was deposited with 
(1) a 2-nm adhesive layer of titanium and (2) 48-nm gold 
layer by sputtering. Next, the SPR chip was incubated with 
SARS-CoV SP solution (20 µg/mL, 100 µL) for overnight. 
After washing with 0.1% PBST and PBS, as an association 
step, anti-SP antibody solution at a concentration range of 
2.5 nM– 66.7 nM was injected into the flow cell for 9 min, 
and as a dissociation step, PBS was injected into the flow 
cell for 8 min. The pumping rate was set as 15 µg/mL/min.

4.5  Standard Curve Fitting

SPR signals were fitted using the four-parameter logistic 
equation [25, 26]:

where a is the maximum and d is the minimum SPR sig-
nal (RU); c is the concentration of SARS-CoV SP; and b is 
Hill’s slope of plot.

4.6  Competitive Assay of Anti‑SP Antibodies

A competitive assay configuration was applied for the 
detection of SPs in the standard samples. As shown in 
Fig. 4, magnetic beads (5 mg/mL, 10 μL) with immobi-
lized SARS-CoV SP, isolated anti-SP antibodies (5 μg/mL, 

y =
a − d

1 +
(

x∕c
)b

+ d,
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10 μL) and SARS-CoV SP (range of 0.02 μg/mL – 20 μg/
mL, 180 μL) were mixed at the same time. The SARS-
CoV-2 NP solution in the same concentration range was 
used as a negative control. After a 1 h reaction with the 
washing step, HRP-labeled anti-pig IgG antibody solution 
(10 ng/mL, 100 μL) was incubated for 1 h. After washing, 
a chromogenic reaction was performed using the TMB 
reagent for 3 min. Then, each well was quenched with 
2 M sulfuric acid (100 μL) and the optical density was 
measured using a microplate reader.

The competitive assay was applied to four viral cul-
ture samples: SARS-CoV, SARS-CoV-2, MERS-CoV, 
and CoV-229E. The viral culture fluids of four CoVs 
were diluted from 10-fold (dilution factor of 10%) to 
4 ×  104-fold (dilution factor of 0.04%).
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