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A R T I C L E  I N F O   

Keywords: 
SARS-CoV-2 
Recombinant RBD expression 
Fluorescent protein 
Mammalian cells 
COVID-19 serology 

A B S T R A C T   

SARS-CoV-2 receptor binding domain (RBD) recognizes the angiotensin converting enzyme 2 (ACE2) receptor in 
host cells that enables infection. Due to its antigenic specificity, RBD production is important for development of 
serological assays. Here we have established a system for stable RBD production in HEK 293T mammalian cells 
that simultaneously express the recombinant fluorescent protein dTomato, which enables kinetic monitoring of 
RBD expression by fluorescence microscopy. In addition, we have validated the use of this recombinant RBD in 
an ELISA assay for the detection of anti-RBD antibodies in serum samples of COVID-19 convalescent patients. 
Recombinant RBD generated using this approach can be useful for generation of antibody-based therapeutics 
against SARS-CoV-2, as well serological assays aimed to test antibody responses to this relevant virus.   

1. Introduction 

In December 2019, a pneumonia of unknown origin broke out in 
Wuhan, China [1,2 that rapidly spread throughout the world. The dis-
ease, named as coronavirus disease 2019 (COVID-19), is caused by 
SARS-CoV-2, a new member of the genus Betacoronavirus [3]. Extensive 
research and rapid worldwide collaboration helped characterization of 
the SARS-CoV-2 virus and enabled viral structure and viral protein 
functions to be defined [4,5,6]. Among these findings, the virion surface 
spike proteins were shown to mediate viral entry into host cells [7,8]. 
The spike protein consists of a S1 subunit responsible for receptor 
binding and a S2 subunit that mediates membrane fusion [9]. Since 
2020, receptor recognition by SARS-CoV-2 has been widely studied. 
Similar to SARS-CoV-1, which caused a serious but limited epidemic in 
2002–2003 [10], the spike protein of SARS-CoV-2 contains a receptor 
binding domain (RBD) on its S1 subunit (residues 319–541) that spe-
cifically recognizes the angiotensin converting enzyme 2 (ACE2), its 
receptor in host cells [11,7,9,12,10,13,14]. ACE2 is expressed in several 
human organs and tissues, including brain, kidney, cardiac muscle, 
respiratory endothelium and pneumocytes [11]. The crystal structure of 

the SARS-CoV-1 RBD showed that it contains a core and a 
receptor-binding motif (RBM) which mediates contact with ACE2 [10]. 
Compared to SARS-CoV-1, the major differences in the sequence of the 
spike protein of SARS-CoV-2 are three short insertions in the N-terminal 
domain as well as changes in four out of five of the key residues [1]. 
Structural features of the SARS-CoV-2 RBM, including an ACE2-binding 
ridge and hotspot-stabilizing residues, contribute to a higher ACE2- 
binding affinity when compared to SARS-CoV-1 RBM [13,14]. 

Considering that the RBD is the main viral structure for receptor 
binding, its recombinant and stable production is important for the 
development, testing and validation of intervention strategies against 
SARS-CoV-2 such as vaccines, neutralizing antibodies, and/or molecular 
inhibitors. SARS-CoV-2 RBD can be also used in serological assays, such 
as enzyme-linked immunosorbent assays (ELISA) [15] or surrogate 
neutralizing antibodies assays [16] that are of critical importance to 
help define previous exposure to SARS-CoV-2 or monitoring vaccine 
responses in populations. Strategies for recombinant production of RBD 
have been assessed using different expression systems such as E. coli 
[17], baculovirus-insect cells [15,16,18] mammalian cells [15,16,19,20, 
21,22,23] yeast cells [19,24,25] and plants [21,26,27,28]. Mammalian 
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cells have been shown to have higher yields of RBD expression than 
insect cells [15,29]. When compared with RBD produced in mammalian 
cells, production in Komagataella phaffii (Pichia pastoris) system yielded 
comparable amounts and similar structure and stability, but with 
marked differences in the glycosylation patterns [19]. RBD expression in 
mammalian cells has been achieved by both plasmid transient trans-
fection [19,29,20,22] and human type 5 adenoviral transduction, the 
latter leading to around 7-fold higher levels of RBD protein in cell cul-
ture supernatants compared to transfected cultures [20]. Stable 
SARS-CoV-2 recombinant proteins expression in HEK 293T cells has 
been suggested and used [30,20,31], and stable transfection of 
SARS-CoV-2 RBD in CHO cells has been accomplished by others [23]. 
Altogether, given the importance of RBD as a highly specific antigen of 
SARS-CoV-2, its production by different approaches has been widely 
adopted for serological assays. 

In the present work we have developed a system for stable RBD 
production in HEK 293T mammalian cells that simultaneously express 
the recombinant SARS-CoV-2 RBD and the orange fluorescent protein 
dTomato, enabling kinetic monitoring of RBD expression by fluores-
cence microscopy. Furthermore, we have validated the use of this re-
combinant RBD in an enzyme-linked immunoassay for the detection of 
human anti-RBD antibodies. 

2. Materials and methods 

2.1. Molecular design and cloning 

The coding sequence of the SARS-CoV-2 RBD (Wuhan-Hu-1 isolate, 
GenBank: QHD43416.1, amino acids 319–541) with the spike signal 
peptide at the N-terminus and a C-terminal histidine tag (Amanat et al., 
2020), was human codon optimized, commercially synthetized and 
cloned (GenScript, Piscataway, NJ, USA) into the NcoI and XbaI sites of 
the transposon-based vector pSBbi-RP (a gift from Eric Kowarz, Addgene 
plasmid #60,513) [32] to generate the plasmid 
pSBbi-RP-CoV2/RBD-Puro (Addgene plasmid #161,793). To increase 
the efficiency of translational initiation, a glycine was added at the 
second position of the signal peptide (MGFVFLVLLPLVSSQ) in order to 
introduce a codon that allowed the formation of a Kozak consensus 
sequence [33]. The functionality of the modified spike signal peptide 
was verified in silico using the online prediction method SignalP 5.0 
(http://www.cbs.dtu.dk/services/SignalP/, likelihood value = 0.9859). 

2.2. Stable cell line development 

HEK 293T cells (ATCC, Manassas, VA, USA) were cultured in Dul-
becco’s modified Eagle medium (DMEM, Gibco, Gaithersburg, MD, 
USA) supplemented with 10% FBS, 1X GlutaMAX (Gibco), 1 mM sodium 
pyruvate, and 1X antibiotic-antimycotic solution, at 37 ◦C in an atmo-
sphere of 5% CO2. Stable HEK 293T/RBD cell line was established by 
double transfection with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, 
USA) of the plasmid pSBbi-RP-CoV2/RBD-Puro (Addgene plasmid 
#161,793) and the vector pCMV(CAT)T7-SB100 codifying for the 
SB100X transposase (a gift from Zsuzsanna Izsvak, Addgene plasmid 
#34,879) [34]. At 72 h post-transfection, cells were selected during 2 
days with 2 μg/ml of puromycin (Sigma, St. Louis, MO, USA) in DMEM 
10% FBS. The selected stable cell line was grown and maintained in 
DMEM 10% FBS containing 0.25 μg/ml puromycin. 

2.3. Live-cell imaging and Western Blot 

HEK 293T/RBD cells stably expressing the fluorescent protein dTo-
mato and the SARS-CoV-2 recombinant RBD were seeded in 6-well 
plates (Greiner Bio-One, Monroe, NC, USA) at a density of 5 × 105 

cells/well in DMEM 10% FBS and incubated overnight at 37 ◦C/5% CO2. 
Then, culture media was replaced with 2.5 ml/well of DMEM 2% FBS 
and cells were incubated for 96 h at 37 ◦C/5% CO2. Cell images were 

acquired at 24, 48, 72 and 96 h with a Lionheart FX automated fluo-
rescence microscope (BioTek, Winooski, VT, USA) using the 4X objec-
tive and the RFP filter/LED cube. Cell image analysis was performed 
with the software CellProfiler 4.0 (http://www.cellprofiler.org; Broad 
Institute, Cambridge, MA, USA). At the above-mentioned times, culture 
media samples were taken and stored at − 20 ◦C. Later, samples were run 
on an SDS-PAGE gel, transferred to a PVDF membrane (Millipore, Bur-
lington, MA, USA), stained with Ponceau S and blotted overnight at 4 ◦C 
with a 1:1000 dilution of mouse monoclonal anti-6x-His-tag antibody 
(Invitrogen, MA1–21,315). Finally, the membrane was treated for 1 h at 
room temperature with a 1:1000 dilution of goat polyclonal anti-mouse 
IgG HRP-conjugated antibody (Invitrogen, G-21,040) and visualized 
using the Super Signal West Pico Plus chemiluminescent substrate 
(Thermo, Waltham, MA, USA). Gel images were acquired with a 
ChemiDoc Imaging System (Bio-Rad, Hercules, CA, USA) and band 
analysis was performed with the software ImageLab 6.1 (Bio-Rad). 

2.4. Recombinant proteins production and purification 

HEK 293T/RBD were seeded in T75 flasks (Greiner Bio-One) at a 
density of 14 × 106 cells/flask in DMEM 10% FBS and incubated over-
night at 37 ◦C/5% CO2. Next morning, culture media was changed for 
10 ml per flask of DMEM 2% FBS and cells were incubated for 96 h at 
37 ◦C/5% CO2. Supernatants were clarified by centrifugation at 2000 x g 
for 5 min and the recombinant proteins were purified using Ni2+-affinity 
chromatography with a 5 ml HiTrap Chelating HP column (GE Health-
care, Chicago, IL, USA). The column was equilibrated and washed with a 
pH 8.0 buffer composed of 300 mM NaCl, 50 mM NaH2PO4, 10 mM or 
50 mM imidazole, respectively. Proteins were eluted using a similar 
buffer with 250 mM imidazole. Finally, the buffer was exchanged for 
PBS pH 7.4 using Amicon 10 K ultrafiltration units (Millipore), sodium 
azide at 0.01% v/v was added and purified proteins were stored at 4 ◦C. 
Protein quantification was performed spectrophotometrically with the 
DC Protein Assay (Bio-Rad) in a Synergy HTX plate reader (BioTek) 
using bovine serum albumin (BSA) standards. 

2.5. Mass spectrometry 

SDS-PAGE protein bands of recombinant RBD were excised from gels 
and subjected to reduction (10 mM dithiothreitol), alkylation (50 mM 
iodoacetamide), and overnight in-gel digestion with sequencing grade 
bovine trypsin (in 25 mM ammonium bicarbonate) using an automated 
workstation (Intavis, Tübingen, Germany). The resulting peptides were 
submitted to nano-ESI-MS/MS on a Q-Exactive Plus™ mass spectrom-
eter (Thermo). Briefly, 10 µL of each tryptic digest were loaded on an 
Acclaim™ PepMap™ C18 trap column (75 μm x 2 cm, 3 μm particle; 
Thermo), washed with 0.1% formic acid (solution A), and separated at 
200 nl/min with an Easy-Spray™ C18 analytical column (75 µm x 15 
cm, 3 µm particle; Thermo) using an EASY-nLC™ 1200 chromatograph 
(Thermo). A gradient from 0.1% formic acid (solution A) to 80% 
acetonitrile with 0.1% formic acid (solution B) was developed: 1–5% B 
in 1 min, 5–26% B in 25 min, 26–79% B in 4 min, 79–99% B in 1 min, 
and 99% B in 4 min, for a total time of 35 min. MS spectra were acquired 
in positive mode at 2.0 kV, with a capillary temperature of 200 ◦C, using 
1 microscan at 400–1600 m/z, maximum injection time of 100 msec, 
AGC target of 3 × 106, and orbitrap resolution of 70,000. The top 10 ions 
with 2–5 positive charges were fragmented with AGC target of 1 × 105, 
maximum injection time of 110 msec, resolution 17,500, loop count 10, 
isolation window of 1.4 m/z, and a dynamic exclusion time of 5 s [35]. 
Resulting MS/MS spectra were processed for assignment of peptide 
matches against the amino acid sequence of the recombinant RBD using 
the software Peaks Studio Xpro (Bioinformatics Solutions, Waterloo, 
Canada). Cysteine carbamidomethylation was set as a fixed modifica-
tion, while methionine oxidation and asparagine or glutamine deami-
dation were set as variable modifications, allowing up to 3 missed 
cleavages by trypsin. Parameters for match acceptance were set to 
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FDR<1% and − 10lgP scores ≥50. 

2.6. ELISA 

The ELISA protocol was adapted from Amanat et al. 2020 [15]. 
96-well plates (MaxiSorp F, NUNC, Thermo) were coated overnight at 
4 ◦C with 50 µl per well of a 2–3 µg/ml solution of each respective RBD 
dissolved in 1X PBS (Gibco). Then, the coating solution was removed 
and 100 µl/well of 10% non-fat milk prepared in 1X PBS and 0.1% 
Tween 20 (PBST) was added to the plates at room temperature for 1 h as 
a blocking solution. Serum samples were inactivated at 56 ◦C for 30 min 
in order to reduce risk from any potential residual virus in the serum. A 
1:50 dilution of serum was prepared in 1% non-fat milk prepared in 
PBST. The blocking solution was removed and 50 µl of each diluted 
serum was added to the plates for overnight incubation at 4 ◦C. Then, 
plates were washed three times with 100 µl/well of 0.1% PBST. Next, a 
1:50.000 dilution of goat anti-human IgG–horseradish peroxidase (HRP) 
conjugated secondary antibody (Sigma, A0293) was prepared in 0.1% 
PBST and 50 µl/well of this secondary antibody was added for 30 min at 
room temperature. Plates were washed again three times with 0.1% 
PBST, followed by 50 µl/well of TMB (Sigma, T5525) dissolved in TMB 
Buffer (Na2HPO4 0.2 M and citric acid 0.1 M, pH 5.0, plus H2O2). This 
substrate was incubated on the plates for 10 min at room temperature 
and in the dark. Then the reaction was stopped by addition of 50 μl/well 
of H2SO4 1 M. The absorbance at 450 nm, with reference to 630 nm) was 
measured using an Epoch plate reader (BioTek). A prepandemic nega-
tive pool (20 human samples) and a SARS-CoV-2 reactive human 
monoclonal antibody CR3022 [36] were used as negative and positive 
controls, respectively. In this ELISA, a serum was determined as positive, 
if its A450 nm exceeded the A450nm obtained for the serum pool of 
pre-pandemic donors plus ten standard deviations (cutoff). Finally, 
cutoffs with the RBD stable and the transient RBD from [15] were 
compared. 

2.7. Serum samples and ethics statement 

Sera of SARS-CoV-2 positive patients were obtained after approval of 
the Ethical Board of the University of Costa Rica (CEC-164–2021). A 
cohort of 20 samples was randomly selected for the ELISA functional 
validation of the SARS-CoV-2 recombinant RBD produced in stable HEK 
293T/RBD. Sera of 20 anonymous pre-pandemic serum donors stored in 
the lab from previous projects (CEC-VI-3970–2013) were used as a 
SARS-CoV-2 negative pool for setting the cutoff. 

2.8. Statistics 

Data are expressed as mean ± standard deviation (SD) of three in-
dependent experiments. Statistical significance of the differences be-
tween mean values was determined by using a one-way ANOVA 
followed by a Tukey’s post hoc test with the software GraphPad Prism 8 
(GraphPad Software, Inc, San Diego, CA, USA). The level of significance 
is denoted in the figures where statistics was applied. 

3. Results 

3.1. Stable production of recombinant RBD in HEK 293T cells can be 
monitored by the fluorescence of the co-expressed dTomato protein 

RBD production was monitored in culture supernatants of stable HEK 
293T/RBD cells by Western Blot (Fig. 1) with bands detected at a po-
sition corresponding to a molecular weight of 36 kDa, as expected [22, 
23]. BSA stained with Ponceau Red was used as internal loading control 
of cell supernatant. Production of recombinant RBD in the culture su-
pernatants was increased in a time-dependent manner when cultured 
with either 2% or 10% FBS media (Fig. 1b). The change was less patent 
in the 10% FBS conditions where the production plateaued at 72 h and 

the higher production occurred in the 2% FBS at 96 h, as qualitatively 
denoted by the formation of wider bands in the blots. As expected, there 
was no RBD in the supernatant samples from non-transfected control 
cells. The 2% FBS condition was chosen for further experiments. When 
the fluorescent intensity due to the dTomato expression was observed by 
live-cell imaging, it behaved similar to the RBD expression, that is, 
increased with time and reached the highest level at 96 h (Fig. 1c). No 
fluorescence was observed in the control cells even after 96 h of culture. 
When the dTomato fluorescence level was compared to the RBD band 
intensity, a similar trend in the increase was found (Fig. 1d), corrobo-
rating the qualitative differences observed with each technique. Statis-
tically significant differences were found, in both cases, between the 24 
h and the 96 h time points. 

3.2. Stably produced recombinant RBD was successfully purified, and its 
identity was confirmed by tandem mass spectrometry 

Recombinant RBD from 96 h supernatants of stable HEK 293T/RBD 
cells with 2% FBS culture medium was successfully purified and 
concentrated by Ni2+-affinity chromatography and ultrafiltrated for 
buffer exchange. Fig. 2 shows the complete removal of the BSA and other 
unidentified bands from the ultrafiltrate (UF), that were present in the 
culture supernatant before (Pre) and after (Post) its passage through the 
purification column. The band corresponding to RBD had a greater in-
tensity in the UF than in the Pre lane, indicating not only purification but 
also concentration of the recombinant protein. The RBD band was not 
detectable in the Post lane, indicating a total recovery of the RBD from 
the culture supernatant. Our yield for recombinant RBD produced in 
stable HEK 293T cells was 80–100 µg/ml, as calculated from three in-
dependent productions. The identity of the recombinant RBD protein 
was confirmed by in-gel tryptic digestion of electrophoretic bands, fol-
lowed by tandem mass spectrometry. The resulting peptides matched 
the expected plasmid-encoded protein with a sequence coverage of 86%, 
as shown in Figure S2. 

3.3. Stably produced recombinant RBD was antigenically functional for 
the detection of anti-RBD antibodies in serum samples from COVID-19 
convalescent patients 

The purified recombinant RBD produced in stable HEK 293T/RBD 
cells was used as antigen for the application of an in-house serological 
ELISA test and proved adequate for the detection of anti-RBD specific 
IgG antibodies in serum samples from COVID-19-recovered subjects. 
When compared with the recombinant RBD produced by transient 
transfection of HEK 293T cells following the protocol of Amanat et al. 
2020 [15], the obtained values were generally lower and the difference 
between the results in both assays varied from sample to sample. 
However, in both cases, the method allowed a good discrimination be-
tween positive and negative results. The values for the negative controls 
showed the smallest variation between both assays (Fig. 3). 

4. Discussion 

Stable and constant production of SARS-CoV-2 RBD is relevant for 
the development of robust serological assays to test for antibodies 
against this virus in both ELISA or surrogate neutralization assays. With 
a still ongoing COVID-19 pandemic, it continues to be crucial to develop 
affordable and efficient serological tests for the evaluation of seropre-
valence and vaccination efficacy. Initially, serological assays such as 
chemiluminescent immunoassay used either nucleocapsid protein (N), 
whole spike protein, S1 subunit, or peptides from the spike protein as a 
bait [37,38] but the use of RBD as a target in ELISAs has proved to be 
more specific towards SARS-CoV-2 [39]. Accordingly, in a surrogate 
neutralization assay, a dose-dependent specific binding between hACE2 
and the RBD or S1, but not the N protein was reported, with the RBD 
producing the best binding characteristics [16]. Given the high 
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Fig. 1. Production kinetics of SARS-CoV-2 recombinant RBD and dTomato in stable HEK 293T/RBD cells. (a) Schematic representation of the polycistronic cassette 
for simultaneous expression of RBD, dTomato and puromycin-resistance gene (PuroR). The approximate location of each component into the pSBbi-RP-CoV2/RBD- 
Puro vector is depicted in base pair (bp). (b) Western Blot kinetic analysis of RBD in supernatants of wild-type HEK 293T (control) and stable HEK 293T/RBD cells 
incubated with culture media containing different percentages of fetal bovine serum (FBS). Ponceau S staining of the bovine serum albumin (BSA) from the culture 
media was used as a loading control for the SDS-PAGE. Representative cropped images from three independent experiments are shown (c) Fluorescence live-cell 
imaging kinetic analysis of dTomato expression into wild-type HEK 293T (control) and stable HEK 293T/RBD cells incubated with 2% FBS culture media. Repre-
sentative images from three independent experiments are shown. (d) Relative quantification of RBD (Western Blot band intensity) and dTomato (Total fluorescence 
intensity) produced upon time in stable HEK 293T/RBD cells incubated with 2% FBS culture media. *p = 0.0133 compared with the Western Blot band intensity at 
24 h. #p = 0.0201 compared with the fluorescence intensity at 24 h. Data are expressed as means ± SD of three independent experiments. 
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specificity of RBD for SARS-CoV-2 serology testing, the present report 
aimed to produce a recombinant RBD for forthcoming research and 
different biological applications. 

We have developed a system for stable RBD production in mamma-
lian cells that simultaneously express recombinant SARS-CoV-2 RBD and 
the fluorescent protein dTomato. We validated our system in HEK 293T 
cells due to the fact of being a cell line of human origin widely used for 
recombinant protein expression. However, we also used VeroE6 cells to 
prove the robustness of our genetic construct to successfully drive the 
expression and secretion of RBD, as those cells are widely used for 
coronavirus studies (Fig. S1). RBD production has been accomplished by 
several other groups [15,16,19,20,23,24,29,40] and diagnostic in-
dustries [39]. Furthermore, vectors for RBD expression are also 
commercially available. Although most approaches use transient trans-
fection to produce the recombinant protein, it has been shown that RBD 
expression in HEK 293FS by adenoviral-mediated transduction leads to 
higher yields than the levels obtained after plasmid transient trans-
fection [20]. Our approach generated stable HEK 293T expression of 
RBD by a double transfection of a cytomegalovirus vector (pCMV(CAT) 
T7-SB100) coding for the SB100X transposase and the polycistronic 
cassette for simultaneous expression of RBD, dTomato and 
puromycin-resistance gene (plasmid pSBbi-RP-CoV2/RBD-Puro) 
(Fig. 1a). Therefore, by changing the RBD coding sequence in the 
plasmid pSBbi-RP-CoV2/RBD-Puro our system could be adapted to 

produce different RBD versions corresponding to the clinically relevant 
SARS-CoV-2 variants, as the currently dominant Omicron strain. The use 
of mammalian cells has shown a better expression of both RBD and Spike 
proteins of SARS-CoV-2 than insect cells [15]. One advantage of HEK 
293T cells as expression system is related to the achievement of proper 
post-translational modifications, a feature which could have a potential 
influence in diverse applications when proteins are produced in 
non-human cell lines [20]. The use of other eukaryotic expression sys-
tems as yeast or plant cells, even if advantageous in costs and up-scaling, 
often requires additional elements or modifications in order to achieve 
adequate physicochemical characteristics and biological responses [17, 
24,25,26]. Our system allows stable expression of a minimally modified 
RBD, saving time and resources needed for the generation of the trans-
fection grade DNA used by the transient expression approaches. This 
also reduces the variability in the yields achieved as specific cell clones 
could be selected and preserved for future productions. For this purpose, 
the co-expression of the fluorescent protein dTomato is advantageous, as 
it not only allows an easy monitoring of the transfection efficiency 
during the generation of the stable cell line but can also be used in the 
selection of specific high-yield clones by fluorescence-activated cell 
sorting (FACS). Furthermore, the detection of the fluorescence gener-
ated by the co-expressed protein dTomato could be also used as a sur-
rogate for the monitoring of the RBD production. As shown in Fig. 1, 
dTomato fluorescence levels following time-course expression of RBD 

Fig. 2. Western Blot analysis of purified SARS-CoV-2 recombinant RBD pro-
duced in stable HEK 293T/RBD cells. The recombinant RBD present in su-
pernatants of HEK 293T/RBD cells cultured for 96 h in DMEM 2% FBS was 
purified by Ni2+-affinity chromatography and ultrafiltrated for buffer ex-
change. Samples from cells supernatants before (Pre) and after (Post) passage 
thought the purification column, as well as from the purified and ultrafiltrated 
recombinant RBD (UF), were analyzed by Western Blot using an anti-His-tag 
antibody. Ponceau S staining of BSA from the culture media was used as a 
visual indicator of purification efficiency. Representative cropped images from 
three independent experiments are shown.   

Fig. 3. Functional validation of SARS-CoV-2 recombinant RBD produced in stable HEK 293T/RBD cells as antigen for COVID-19 serology testing by ELISA. 20 Serum 
samples were detected in parallel in an ELISA, coating the plate with 3 ug/ml of purified RBD supernatants obtained from transiently transfected HEK 293T cells 
following Amanat et al. 2020 protocol (black circles) and from the stable HEK 293T/RBD cells (green circles). A cut-off was established by adding 10 standard 
deviations to the median OD490nm obtained for the negative pool (punctuated line). An interval between the two OD490nm obtained is highlighted in light gray. 
Data from three independent experiments is shown. 
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had a similar increase trend to RBD band intensity determined by 
western blot, which confirms usefulness of such surrogate approach to 
monitor levels of RBD generation. This could be also implemented as a 
strategy for the standardization of upscaled production protocols by 
measuring the general dTomato fluorescence to correlate with RBD 
expression levels in bioreactors [41,42, 43]. 

Highest RBD production in HEK293T cells was achieved in a 2% FBS 
environment at 96 h post-transfection, as shown in Fig. 1b. Purified 
recombinant RBD from cell supernatant was achieved by Ni2+-affinity 
chromatography followed by ultrafiltration (Fig. 2), with yields in the 
80–100 μg/ml range. Similar high yields (~100 μg/ml) of recombinant 
RBD are achieved even when HEK293SFcells are grown in serum-free 
media [20]. For comparison, several previously reported yields of RBD 
production in different expression systems are summarized in Table 1. 
Another study recently reported stable high production of RBD in 
mammalian CHO DG44 cells yielding 30 mg per liter of cell flask su-
pernatant [23]. Using mammalian cell lines has the advantage of 
allowing post-translational modifications such as glycosylation, when 
compared to other systems [19,20,23]. Identification of our recombi-
nant RBD protein was confirmed by tandem mass spectrometry (Fig. S2). 
The peptide sequence FPNITNLCPFGEVFNATR (m/z 2038.99) was not 
detected, likely explained by the potential N-linked glycosylation of this 
peptide at positions N331 (NIT) and N343 (NAT) which hampers its 
detection by mass spectrometry, as the increase in the peptide’s mass 
excludes it from the analysis range for fragmentations as reported by 
others [19]. The overall sequence coverage for the recombinant protein 
in this analysis was 86%, clearly showing that protein species present in 
the sample belongs to the RBD from SARS-CoV-2. 

Once obtained, we tested the functionality of our purified recombi-
nant RBD by using it as antigen in an in-house ELISA test for the 
detection of anti-RBD antibodies in serum samples from COVID-19 
convalescent patients (Fig. 3). Although the obtained values were 
generally lower than another in-house ELISA assay that also uses as 
antigen a recombinant RBD produced by transient transfection of HEK 
293T cells [15], both methods allowed a good discrimination between 
positive and negative samples. As both ELISA assays correlated at each 
sample level, differences among them could be explained by slight 
variations in protein quantification of the corresponding purified RBD. 
Serological assays based on SARS-CoV-2 Spike protein and its RBD, have 
good sensitivity and specificity [15],29,40]. The present recombinant 
RBD proves to be functional in an ELISA test and could be also be suit-
able for further studies of other serological assays, such as neutralizing 
antibodies detection. 

Overall, in the present work we developed a stable HEK 293T cell 
line for SARS-CoV-2 RBD production that simultaneously expresses this 
recombinant RBD and the fluorescent protein dTomato, allowing kinetic 
monitoring of viral protein expression by fluorescence microscopy. 
Additionally, we have tested the capability of this recombinant RBD in 
an ELISA assay aimed to detect anti-RBD antibodies from serum samples 
of COVID19 convalescent patients. The purified RBD using this 
approach can be useful for generation of antibody-based therapeutics 
against SARS-CoV-2, such as passive or active immunization, as well as 
for the development of serological assays aimed to test antibody re-
sponses to this widespread relevant virus. 
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Table 1 
Expression levels of SARS-CoV-2 RBD in different expression systems.  

Expression System Yields References 

Bacteria Escherichia coli 2 μg/ml (RP-HPLC 
purification) 

[17] 

Yeast Komagataella phaffii 
(Pichia pastoris) 

10–13 μg/ml (Lab. 
scale) (1) 

45 μg/ml (Bioreactor) 

[19] 

30–40 μg/ml 
(Bioreactor)(1) 

[24] 

~12 to ~20 μg/ml (2) [25] 
Plants Nicotiana benthamiana 8 μg/g leaf fresh weight [27] 

117 ± 41 μg/g to 63 ±
10 μg/g fresh leaves (2) 

[28] 

10 μg/g [21] 
Insect cells Trichoplusia ni derived 

BTI-TN-5B1–4 cells 
(High Five) 

1.5 μg/ml (1) [15] 

Trichoplusia ni 
(Tnms42) 

0.2 μg/ml (1) [21] 

Mammalian 
cells 

HEK293T 5 μg/ml (1) [19] 
HEK293T 80–100 μg/ml (1) This study 
HEK293–6E 40 μg/ml (1) [21] 
HEK293-E6 ~25 μg/ml (1) [29] 
HEK293SF-Adenovirus 
transfection 

28.4 (±4.5) to 131.7 ±
27.2 μg/ml (Lab. Scale) 
(3) 

101.7 μg/ml 
(Bioreactor) 
129.8 μg/ml 
(Bioreactor) (1) 

[20] 

HEK293SF-Transient 
transfection 

1.5 ± 0.23 μg/ml to 
17.7 ± 5.1 μg/ml (Lab. 
scale) (3) 

17.8 μg/ml (Bioreactor) 
152 μg/ml (Bioreactor) 
(1) 

[20] 

CHO-K1 0.7 μg/ml (1) [21] 
CHO-S 0.8 μg/ml (1) [21] 
CHO-DG44 50 μg/ml (1) (polyclonal 

cell population) 
3000–7000 μg/ml (1) 

(high productivity 
clone) 

[23] 

Expi293F 11.5 (± 3.8) to 78.3 μg/ 
ml (4) 

[22] 

Expi293F 25–50 μg/ml (1) [15] 
Expi293F 90 μg/ml (1) [29] 

(1)After Ni-NTA/Cu+2/IMAC Column Elution. 
(2)According to different RBD variants. 
(3)According to different culture conditions. 
(4)According to different RBD constructs and processing. 
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Figure S1. Production kinetics of SARS-CoV-2 recombinant RBD and dTomato in stable 
Vero/RBD cells. Western Blot kinetic analysis of RBD in supernatants of wild-type Vero 
(control) and stable Vero/RBD cells incubated with culture media containing 2% fetal bovine 
serum. Ponceau S staining of the bovine serum albumin (BSA) from the culture media was used 
as a loading control for the SDS-PAGE. Representative cropped images from two independent 
experiments are shown. Fluorescence live-cell imaging kinetic analysis of dTomato expression 
into wild-type Vero (control) and stable Vero/RBD cells incubated with 2% FBS culture media. 
Representative images from two independent experiments are shown. 
 
 
 
 
 
 
 
 
 
 



 
Figure S2.  Identity confirmation by tandem mass spectrometry of the SARS-CoV-2 
recombinant RBD protein produced in stable HEK 293T/RBD cells. The amino acid 
sequence of the expected plasmid-encoded protein is shown with matching peptides identified by 
MS/MS analysis of the trypsin-digested SDS-PAGE band in blue, and the covered sequence 
highlighted in bold with a gray background. Sequence coverage using trypsin was 86%. 
Carbamidomethylation of cysteine and deamidation of asparagine or glutamine is indicated with 
red "c" or orange "d" symbols, respectively. For reference to colors in this figure the reader is 
referred to the web version of the article. 
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