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 Abstract
The aim of this investigation was to recognize SARS-CoV-2 antibodies In vitro using synthetic biology. A DNA sensor was constructed 
using natural and synthetic genetic sequences in SHuffle T7 Express competent bacterial or yeast cells. These sensors were based on 
expression of SARS-CoV-2 proteins that includes the spike protein, the membrane glycoprotein, the nucleocapsid protein, and 3CL 
protease. Angiotensin-converting enzyme 2 (ACE 2) and enhanced green fluorescent protein (EGFP) were also added to strengthen 
detection capability of these sensors. Genes for these proteins were assembled and hosted in bacteria or yeast. Lysates from transformed 
organisms were used as the source of antigens for recognition by SARS-CoV-2-specific commercial antibodies using ELISA method. 
Construction of the COVID-19 antibody sensor was also confirmed by using Raman spectrophotometric analysis to corroborate the 
expression of the recombinant proteins related to spike and nucleocapsid. These results were compatible with the SARS-CoV-2 proteins 
developed into the DNA sensor. 

The detection of antibody binding to the SARS-CoV-2 nucleocapsid protein was very strong in most samples. The spike protein antibody 
binding signal was relatively stronger in bacterial samples compared to yeast samples. Both spike and nucleocapsid antibodies reacted 
to all lysate samples with some variations. Further testing from patients’ blood or saliva samples will be carried out to confirm similar 
results. This technology has shown great potential for quick SARS-CoV-2 antibody testing, and construction of a genetic platform for the 
development of a vaccine against SARS-CoV-2, using polyclonal antibodies. 
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Introduction

SARS-CoV-2 is turning out to be the worst pandemic in recent 
history. According to the Johns Hopkins University COVID-19 
tracker, worldwide, there are 67.2 million confirmed cases of 
COVID-19, with more than 1.5 million deaths. The United 
States alone has more than 282,000 deaths with over 14.7 
million confirmed cases of infection as of December 7, 2020 
[1]. 

Different sources of transmission, dynamics, and risk 
factors in society can be identified for COVID-19, such 
as interpersonal contact, environmental air pollution (i.e. 
particular matter of 10 μm or less), biological characteristics 
of the virus including incubation period, morbidity or health 
level of individual including immunological response, 
lifestyle, age, and gender [2]. Diagnosis using current tests 
such as RT-qPCR for COVID-19 has been inconsistent due 
to inadequate sensitivity and/or specificity, low throughput, 
and other factors. Thus, there is a need for a new technology 
which provides high sensitivity, rapid testing, and efficacy 
for any point of testing [3]. Also, serological methods seem 
to be more accurate to detect the disease as compared to 
other testing used today [4]. Nevertheless, the results of these 

methods have shown quantitative inconsistencies, especially 
on the antigen-antibody relationship, which needs to be offset 
for reliable and better control of the pandemic [5]. Therefore, 
the denoted investigation presents a very accurate and quick 
detection method for SARS-CoV-2 antibody recognition 
based on cDNA sensors assembled from SARS-CoV-2 genes 
and several accessory proteins, which its lysate is used as an 
antigen. Here, we use an integration approach by combining 
molecular and synthetic biology techniques towards enhancing 
quantitative detection by assembling specific genes to generate 
a lysate containing recombinant SARS-CoV-2 spike and 
nucleocapsid proteins. Using this lysate, we ran testing to 
recognize SARS-CoV-2 specific commercial antibodies using 
ELISA method. The efficacy and quantitation of the biological 
method was confirmed by Raman photonic spectroscopy. 
Photonic spectroscopy such as Raman provides specificity and 
reduces ambiguity of the results due to its target at the atomic 
level. Hence, exhibiting a detailed and plausible mechanism 
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for biological transduction of molecular vibrations [6, 7]. 
Biomolecules such as proteins have demonstrated natural 
inherent photonic affinity [15, 32]. Hence, we use herein the 
Raman photonic spectroscopy to confirm the quantitation and 
accuracy of the denoted technology. Therefore, the purpose 
of our investigation was to recognize biomolecules such as 
proteins (antigens and antibodies) which have often been 
used for the diagnosis of diseases, by creating a biosensor [8]. 
Antigens binds to antibodies through weak and noncovalent 
interactions such as electrostatic interactions, hydrogen bonds, 
Van der Waals forces, and hydrophobic interactions [9]. These 
are the basic fundamentals for prototype biosensors [10]. 
These cDNA sensors can be used in testing for the presence of 
IgG/IgM antibodies against SARS-CoV-2. 

This pandemic has crossed every geographic zone and 
affected every ethnic group in the world. Rapid multiplication 
of the virus has caused widespread infection throughout the 
population of the world. Hence, there is an immediate need 
for rapid mitigation of the disease based on rapid and effective 
testing for both identification of the virus and for antibody 
detection. Currently, diagnosis is based on antibody detection 
of SARS-CoV-2 using a single viral antigen supplemented 
by chest CT imaging for clinical diagnosis of COVID-19. 
However, the challenge of this existent method is apparent 
when using low viral load [11, 12]. Therefore, there is a need 
for a more sensitive and rapid technology.

Most antibody tests for SARS-CoV-2 are based on single 
specific antigens from the virus, typically related to the 
spike protein of the virus [13]. Commonly, the use of single 
antigens can miss the recognition of the specific antibody, 
thus causing false results, and/or delayed results and/or 
diagnosis. Rapid, accurate results are desirable due to the 
high percentage of infected people and the high number of 
asymptomatic carriers. Conventional biochemical ELISA 
test has been the most commonly used test for SARS-CoV-2 
antibody recognition [14]. Therefore, a combination of direct 
ELISA testing with a cDNA SARS-CoV-2 sensor made of 
multiple proteins, acting or functioning as antigens, were used 
in the present investigation. Our approach is based on using 
the conventional ELISA method alongside a DNA sensor to 
produce a recombinant lysate that contains multiple antigens 
to bind SARS-CoV-2 antibodies. The DNA sensor interacts 
with known SARS-CoV-2 commercial antibodies. A similar 
approach has been used by the same author in previous 
investigations with different sensors [8, 15].

The advantage of the antibody testing strategy used in the 
present investigation is the expression of multiple antigens 
from the DNA sensors, which are hosted in either bacteria (E. 
coli) or yeast (S. cerevisiae). It is well-known that bacteria and 
yeast grow an order of magnitude faster than mammalian cell 
lines, which means that production of recombinant proteins 
(antigens) can be done quickly and efficiently in either bacteria 
or yeast [13, 16]. 

In this work, we concurrently expressed SARS-CoV-2 
recombinant proteins (including spike and nucleocapsid 
proteins) in addition to other related proteins using E.coli and 
yeast as expression hosts. We tested these expressed SARS-
CoV2 recombinant proteins for their ability to bind to their 
corresponding antibodies using ELISA. 

Materials and Methods

Assemblage of the DNA COVID-19 Sensor 

Synthesized DNA sequences from CloneTex Systems, Inc 
(Austin, TX) were assembled in pETDuet-1 or pET28A when 
cloned in bacteria (SHuffle T7 Express strain of E. coli from 
New England Biolabs), or in pYES2 when cloned in yeast 
(INVSc1 strain of Saccharomyces cerevisiae from Invitrogen) 
plasmid, employing standard experimental laboratory 
protocols [17,18,19]. Both bacterial and yeast DNA sensors 
were constructed by site-directed cloning with specific primers 
as provided below and were used to recognize SARS-CoV-2 
polyclonal antibodies. However, only antibodies related to 
spike and nucleocapsid proteins were targeted for recognition 
in this study, where we choose to compare two different protein 
expression systems for SARS-CoV-2 protein expression using 
constructs with multiple genes in the same cassette.

Preparation of DNA Construct

Only maps for the construct DNA bacterial sensor related to 
spike and nucleocapsid proteins are shown in the denoted 
manuscript. The DNA constructs were composed of genetic 
sequences described herein and assembled in plasmid vectors 
(i.e. pETDuet-1, PET28A, or pYES2). Sequences of genes and/
or proteins with desired properties were identified in GenBank 
or the RCSB Protein Data Bank (PDB). DNA constructs were 
made with similar gene parts having sequence sizes ranging 
from 6,587 to 13,935 bp for bacteria, and 7,080 to 17,202 bp 
for yeast. These included different gene sequences specifically 
related to SARS-CoV-2 with respective accession numbers: 
SARS-CoV-2 membrane-glycoprotein (QIK50451.1), a SARS-
CoV-2 spike glycoprotein (PDB: 6VSB_A), angiotensin-
converting enzyme-2 (ACE2) (NP_001358344.1), SARS-
CoV-2 3CL protease (PDB: 6LU7_A), and nucleocaspid 
phosphoprotein (QHD43423.2).

This procedure was carried out by combining standard 
experimental laboratory methods of molecular and synthetic 
biology [20, 15]. PCR amplified pieces of all fragments were 
combined by using homologous recombination technology, the 
Gibson Assembly [21]. Clones obtained after transformation 
were sequenced and analyzed for DNA sequence accuracy.

Cloning of the DNA Constructs into Bacterial or Yeast 
Host Cells

The cloning of the DNA Constructs into bacterial and yeast 
host cells was performed as follows. Sequences of individual 
genes were amplified by PCR using gene-specific primers. 
Genes were excised from plasmids following a protocol 
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supplied by Promega (Madison, WI). The excised fragments 
were purified by agarose gel electrophoresis prior to ligation. 

A pETDuet-1, pET28A, or pYES2 plasmid was digested 
with HindIII restriction enzyme according to directions and 
using reagents provided by the enzyme’s supplier (Promega, 
Madison, WI). The complete insert containing HindIII 
restriction sites on each end was ligated into the plasmid 
following a protocol provided by the manufacturer (Promega, 
Madison, WI). The reaction mixture was placed in a heat block 
at 42oC for 30 seconds. Successful construction of the insert and 
ligation [15, 22] of the insert into the plasmid were confirmed 
by gel electrophoresis. Then, the assembled constructs were 
transformed into DH5α and Shuffle T7 Express strains using 
standard heat shock protocols. 

Host Cell Purification and Transformation

SHuffle T7 Express competent E. coli cells (New England 
Biolab) or yeast cells (INVSc1 yeast host strain, Invitrogen) 
were transformed with the DNA constructs described herein 
using a modified version of a protocol provided by the supplier 
(Invitrogen, CA). A fully assembled S. cerviceae DNA 
construct was sub-cloned into pYES2 vector. 

DNA expression and effectiveness of transformation were 
determined by the number of colonies present using a 20/20 
Luminometer (Promega, WI). Plasmid DNA extraction 
purification, PCR, and gel electrophoresis were also used to 
confirm transformation.

Growth of DNA SARS-CoV-2 Sensor in Bacterial or Yeast 
Culture 

Growth of the bacterial device sensor followed the protocol for 
Shuffle T7 Express (C3029) E. coli, according to New England 
Biolab Inc. For expression using Shuffle cells, bacterial 
devices were grown in LB medium with ampicillin, except 
for the one containing the nucleocapsid protein, which was 
grown in LB media with kanamycin. Bacterial DNA sensor 
cultures were incubated at 30° Celsius until OD reached 0.6, 
measured at 500-600 nm wavelength, then induced with IPTG 
and incubated for another 4 hours. Transformed yeast sensors 

were grown in yeast malt broth at 30°C for 72 hours; specific 
inducers were added to the yeast cultures at the beginning 
of incubation. Then, microbial cells from the respective 
DNA sensor cultures were harvested at approximately10 mL 
in volume and subjected to centrifugation at 7000g for 10 
minutes. Supernatant was removed and pellet was resuspended 
in 1 mL of ice-cold PBS and transferred to an Eppendorf tube. 
The pellet was centrifuged at top speed in microfuge for 2 
minutes and the supernatant was removed. The pellet was 
washed 2 to 3 times with cold PBS and, after the last wash, 
supernatant was removed immediately and pellets containing 
cells were frozen at -20 °C until further use. These pellets 
containing recombinant proteins (i.e. spike protein, membrane 
glycoprotein, nucleocapsid protein, ACE 2 and SARS-CoV-2 
main protease) were subjected to ELISA testing for SARS-
CoV-2 antibody recognition. However, only antibodies against 
spike and nucleocapsid proteins were analyzed using the 
ELISA test. 

In vitro ELISA test for Antibody Recognition

This test was carried out by the Alamo Biotechnology 
Laboratory (San Antonio, TX, USA) following standard 
protocol. Commercial antibodies SARS-CoV-2 spike antibody 
(Cat No. GTX135360) and SARS-CoV-2 nucleocapsid 
antibody (Cat No. GTX135357) produced by Genetex (Irvine, 
CA) were used for this study. Polyclonal antibodies against 
spike glycoprotein and nucleocapsid protein from SARS-
CoV-2 were raised in rabbits. Solutions of antigens from 
SARS-CoV-2 bacterial or yeast culture lysates containing 
recombinant proteins were diluted to 0.24 mg/mL in 50mM 
carbonate buffer (~pH 9.5) with or without 4 M urea. Then, 
100 µL of 1 μg/mL solutions of the recombinant protein 
samples were added to a 96-well ELISA plate and incubated 
at 4 °C for 36 hours (Table 1). Lysates/extracts from different 
cDNA SARS-CoV-2 bacterial or yeast cultures were used for 
ELISA testing. However, only specific designed SARS-CoV-2 
cDNA constructs in bacteria or yeast are reported herein 
(Figures 1 and 2). The contents of the plate were discarded 
and each well was rinsed with 100 µL of PBS. Then, 200 µL 
of BSA-blocking solution were added per well and incubated 

Table 1: Distribution of different antigen and antibody solutions in the 96 ELISA wells
Table 1: Illustrates numbers 1 to 12 within the ELISA cells wells, which represent antigens (Samples 1 to 12). Green and yellow colors represent 
incubation of antigen with spike and nucleocapsid antibodies, respectively. Internal Control-1 for functionality of antibodies: wells G7 and H7 
received primary antibodies before wells were blocked with BSA. Internal Control-2 for non-specificity of enzyme/substrate: wells G11, G12, H11, 
and H12 did not receive primary or secondary antibodies. “No Ag” refers to wells containing no antigen.
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promoter for bacteriophage T7 RNA polymerase

BspDI *  - ClaI *(13,898)  

SgrAI(13,854)  

SphI(13,706)  

BstEII(12,991)  

ApaI(12,970)  

PspOMI(12,966)  

BssHII(12,762)  

BstZ17I(11,542)  

basis of mobility region from pBR322

PciI(11,309)  

BglI(9824)  

SspI(9499)  

PsiI(9419)  

AvrII(8948)  

PacI(8944)  

PaeR7I  - XhoI(8217)  

ribosome binding site

HindIII(8182)  

PstI(8078)  

NsiI(7748)  

Covid-19 mainprotease

BmgBI(7378)  

AgeI(7252)  

KpnI(7221)  

Acc65I(7217)  

lac repressor encoded by lacI lac operator

XbaI   (30)

ribosome binding site

BamHI   (740)

ribosome binding site

EcoRI   (775)

BglII   (1385)

BstBI   (2171)

AleI   (3664)

8xHis

Strep-Tag II

Strep-Tag II

NotI   (4649)

AflII   (4662)

promoter for bacteriophage T7 RNA polymerase

lac repressor encoded by lacI lac operator

ribosome binding site

Eco53kI   (4803)

SacI   (4805)

FspAI   (6659)

PasI   (6988)

GS66742-3 pETDuet-1 Covid-19 Sensor-1A

13,935 bp

DraIII(6345)  

PsiI(6217)  

AsiSI  - PvuI(5645)  

SmaI(5519)  

TspMI  - XmaI(5517)  

BspDI  - ClaI(5336)  

NruI(5302)  

AlwNI(4859)  

BssS α I(4616)  

PciI(4443)  

TatI(4247)  

BstZ17I(4214)  

PflFI  - Tth111I(4188)  

FspI  - FspAI(3424)  

BglI(3406)  

BlpI   (80)

PaeR7I  - PspXI  - XhoI   (158)

EagI  - NotI   (166)

HindIII   (173)

SalI   (179)

Eco53kI   (188)

SacI   (190)

EcoRI   (192)

MscI   (555)

BbvCI   (700)

BseRI   (1238)

PmlI   (1256)

StuI   (1327)

NdeI   (1457)

thrombin site

6xHis

NcoI   (1515)

XbaI   (1554)

T7 promoter

BglII   (1620)

SgrAI   (1661)

SphI   (1817)

MluI   (2342)

BstEII   (2523)

NmeAIII   (2548)

PspOMI   (2549)

ApaI   (2553)

BssHII   (2753)

EcoRV   (2792)

HpaI   (2848)

PshAI   (3187)

GS66799-2 pET28a COVID-19 Nucleocapsid

6587 bp

A

B

Figure 1: Illustration of the Genetic Maps for the cDNA Construct in Bacteria for Spike (Figure 1a) and Nucleocapsid (Figure 1b) SARS-CoV-2 
Proteins
Figure 1a: Shows a schematic illustration of a SARS-CoV-2 bacterial sensor construct, including the direction, placement, and size of the 
DNA construct beginning with Shuffle T7 promoter and further containing a riboswitch, O-linked acetylglucosamine transferase (OGT), and 
enhanced green fluorescent Protein (EGFP) sequences in the constructed plasmid. This map also illustrates the GS66742-3 pETDUET-1 
COVID-19 sensor construct cDNA in bacteria for spike protein in the sensor.
Figure 1b: Shows a schematic illustration of a SARS-CoV-2 bacterial sensor construct, including the direction, placement, and size of 
the DNA construct beginning with SHuffle T7 promoter and further containing a riboswitch, O-linked acetylglucosamine transferase (OGT), 
and enhanced green fluorescent Protein (EGFP) sequences in the constructed plasmid. This map also illustrates the GS66799-2 pET28A 
COVID-19 sensor construct cDNA in bacteria for nucleocapsid protein in the sensor.
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for 2 hours at room temperature on an orbital shaker (<200 
rpm). Wells were washed 3 times with 250 µL 1× PBS per 
well, and after the last wash, wells were emptied and tapped on 
micro-well strips on absorbent pads or paper towels to remove 
excess wash solution. Then, 100 µL of the working solution 
of either nucleocapsid antibody or spike antibody was added 
to corresponding wells and incubated for 90 minutes at room 
temperature in the dark. Wells were washed with 250 µL of 1× 
PBS with incubation on an orbital shaker for 90 seconds. This 
washing was repeated a total of 5 times and supernatants were 
aspirated between each wash. After the last wash, the wells 
were emptied and tapped on micro-well strips of absorbent 
pads or paper towels to remove excess wash solution. 
Following this step, 100 µL of the diluted goat anti-rabbit IgG 
antibody (HRP) (GTX213110-01) were added to all wells and 
incubated for 1 hour at room temperature on an orbital shaker. 
Wells were washed 5 times as described above. Then, HRP-
substrate solution was warmed to room temperature and 90 µL 
of substrate solution were added to each well, including the 
blank wells. Then, samples were incubated at room temperature 
on an orbital shaker; actual incubation time varied from 2-30 
minutes. The enzyme reaction was stopped by adding 50 µL of 
stop solution to each well and results were read immediately 
since color can fade over time. Finally, absorbance of each 
well on a plate were read to obtain the optical density (O.D.) 
using 450 nm as the primary wavelength.

Standard Curves and Data Analysis for ELISA 

After the first successful qualitative ELISA test, the protein 
content of each antigen sample was measured; this was also 
done for standards (from commercial sources) along with spike 
protein and nucleocapsid protein samples. Absorbance readings 
(OD450 nm) for standards as well as known and unknown 
samples were measured; the average value was derived from 
the average reading of triplicate samples. An average reading 
for samples not including a standard was subtracted from all 
average readings to yield Corrected OD450 nm values for 
standards as well as known and unknown samples. A standard 
curve was generated by regression analysis with two to six 
parameters logistic. An equation (e.g. y = 0.7119x6 - 3.943x5 
+ 8.3714x4 - 8.6391x3 + 5.6846x2 + 2.4311x + 0.0106) for 
measurement of target was derived from the standard curve 
and used to calculate the antigen concentrations.

Raman Spectrophotometric Analysis for Detection of 
SARS-CoV-2 Proteins 

Culture and Production of SARS-CoV-2 Extract/Lysate/
Antigen for Raman Analysis

Transformed E. coli or yeast cells and nontransformed 
controls (competent E. coli Shuffle T7 Express strain or yeast: 
S. cerevisiae strain, INVSc1; sensor cultures as described 
above were subjected to extraction as follows. Cultures were 
centrifuged at 9000 rpm for 10 minutes to obtain pellets, which 
were resuspended in ice cold PBS and recentrifugated at 12000 

rpm for 2 minutes. This was washed twice, and then centrifuged 
again with sterile distilled exonuclease free water. Then, the 
suspension was subjected to sonication, centrifugation, and 
finally to filtration at 0.45 and 0.20 μm. Other methods of 
extraction such as heating were also explored, however the 
extraction by centrifugation without heat resulted in the most 
consistent results. 

Extract from transformed or nontransformed E. coli or S. 
cerevisiae SARS-CoV-2 sensor cultures were prepared 
for Raman analysis as follows. Extracts were subjected to 
a sequence of cleaning and purification steps, including 
centrifugation and filtration at 0.45 and 0.20 μm. These 
extracts or lysates were purified and concentrated using 
Millipore Tangential Flow Filtration with a Pall filtration 
cartridge and a 5K molecular weight cutoff. The remaining or 
retained material was collected and 10 mL were lyophilized in 
a Harvest Right Scientific Freeze Drier at -40 °C [9]. 

Raman Spectrophotometric Analysis

A Renishaw Invia Confocal Raman Spectrometer (Illinois, 
USA) was used for Raman spectrophotometry. 20 mg of 
each lyophilized sample material was analyzed each time. 
The respective samples were placed on a glass slide directly 
in the confocal laser path to be detected and analyzed. The 
laser selected was set at 785 nm excitation with a 10 second 
exposure and 4 acquisitions at 25°C. Spectra were processed 
and analyzed using Wiley Know it All Informatics Systems 
2020 [15, 23]. 

Results

Construct and Assembly of the DNA SARS-CoV-2 Sensor 

Only maps for the construct DNA bacterial sensor related to 
spike and nucleocapsid proteins are shown in the denoted 
manuscript. Following PCR of all targeted genes for bacteria 
or yeast, the following procedures were carried out. For 
bacterial cells, homologous recombination was performed and 
the resulting constructs were subsequently sub-cloned into 
pETDuet-1 and pET28A vectors. Four clones were selected 
from the transformed plate for each construct and processed for 
full length DNA sequencing (data not shown) (Fig. 1). A clone 
with 100% DNA sequence accuracy was selected for further 
processing. Selected clones for each construct were used to 
obtain high concentrations of plasmid at the mid-scale plasmid 
purification level. For yeast, homologous recombination 
of the cDNA SARS-CoV-2 sensor was performed; this was 
subsequently sub-cloned into a pYES2 vector. Four clones 
were selected from the transformed plate and processed for full 
length DNA sequencing (data not shown). A clone with 100% 
DNA sequence accuracy was selected for further processing. 
The selected clones were used to obtain high concentrations of 
plasmid construct at the mid-scale plasmid purification level. 
Yeast competent cells (strain INVSc1 from Invitrogen) were 
transformed separately with each recombinant plasmid and 
selected on a synthetic complete (SC) dropout plate (deficient 
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in uracil base). Well-isolated clones for each construct 
were chosen from SC plate and preserved in YPD medium 
containing 15% glycerol for storage at -80 °C. Each clone for 
pYES2 vectors 1, 2 and 3 was grown separately and finally 
mixed in equal ratios to produce the cDNA SARS-CoV-2 
sensor in yeast. 

In-Vitro ELISA Test for Polyclonal Antibody Recognition 
XXX

Results from the ELISA test demonstrated that antibodies 
against human spike and nucleocapsid proteins detected their 

target antigens/lysate/recombinant proteins. HRP secondary 
antibody (goat anti-rabbit IgG antibody) showed higher 
antibody signal (spike: mean O.D = 2.1 and nucleocapsid: 
mean O.D = 3) in all bacterial lysate samples when compared 
to the yeast lysate samples, which exhibited lower binding 
signals (spike: mean O.D = 0.3, nucleocapsid: mean O.D 
= 2.5) (Figures 2a and 2b). However, internal control-1 for 
functionality of antibodies, which received primary antibodies 
before ELISA wells were blocked with BSA, showed low 
binding signals (O.D = 0.26). Meanwhile, internal control-2 
for non-specificity of enzyme/substrate, which did not receive 

A

B

Figure 2: ELISA Observed OD Results for Different Antibodies against Spike and Nucleocapsid Proteins Produced by cDNA Recombinant 
Proteins in Bacterial (Figure 2a) and Yeast (Figure 2b) Lysate/Extract
Figure 2: These histograms show optical density results for ELISA for different antibodies against spike and nucleocapsid proteins produced 
by cDNA recombinant proteins in bacteria and yeast lysate/extract. The green bars show observed OD antibody results against spike proteins, 
while the yellow bars represent the results against nucleocapsid proteins. The figures illustrate higher OD for the spike protein (mean=2.1) 
and the nucleocapsid protein (mean=3) expressed in bacteria, as compared to the spike protein (mean=0.3) and the nucleocapsid protein 
(mean=2.5) expressed in yeast. 
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primary or secondary antibodies, showed the lowest binding 
signals (O.D = 0.04), as compared to spike or nucleocapsid 
lysates from bacterial or yeast cultures, which showed higher 
binding signals (spike in bacteria O.D = 2.1; spike in yeast 
O.D = 0.3; nucleocapsid in bacteria O.D = 3.0; nucleocapsid 
yeast O.D = 2.5) (Figures 2a and 2b).

Raman Spectrophotometric Analysis of SARS CoV2 
Proteins

Only cDNA SARS-CoV-2 sensor from transformed bacterial 
lysates/extracts was subjected to Raman spectrophotometric 
analysis. Results of the Raman analysis showed that the 
wavenumbers (cm-1) of the SARS-CoV-2 sensor from 
transformed bacterial lysates/extracts were different from the 
non-transformed-control bacterial lysates/extracts. The shift 
in values of the samples from transformed bacterial cells 
indicated the presence of the spike protein, with amino acids 
such as phenylananine, tyrosine, and tryptophan, as well as 
signature frequencies from proteins and/or peptides including 
amide bonds and C-N stretches, within all the five areas in 
the fingerprint region (800 cm-1 – 1600 cm-1), namely at 
1032 cm-1 (phenylalanine), 1089 cm-1 (protein CN stretch), 
1189 cm-1 (Amide III CN and NH bending), 1447 cm-1 (CH2 
bending mode of proteins), and 1587 cm-1 (conjugated -C=C- 
in proteins); these five areas in the fingerprint region show as 
peaks. Additionally, these five areas in the fingerprint region 
exhibited different levels of intensity (Figure 3). Samples from 
the SARS-CoV-2 transformed bacterial lysates/extracts showed 
different wavenumbers and intensities in the Amine I, II, and III 
regions, 500 cm-1 (Amide I), 100 cm-1 (Amide II), and 1000 
cm-1 (Amide III), as compared to the non-transformed-control 
E. coli competent samples, which displayed Raman intensities 
of 100 (Amide I), 200 (Amide II), and 400 (Amide III). The 
values of the shifts of the samples from the transformed 
bacterial cells also displayed presence of the nucleocapsid 
protein and showed distinctive peaks in the region typical for 
the viral capsid protein at 1004, 1244, 1340, and 1668 cm-1, 
indicating the presence of the viral capsid protein; these peaks 
are completely absent from the non-trasformed-control E. coli 
sample. In addition, the intensities of Amide I, II, and III band 
peaks from the SARS-CoV-2 transformed bacterial lysate/
extract, 500 (Amide I), 100 (Amide II), and 900 (Amide III) 
are also different from the non-transformed-control E. coli 
competent sample as shown above (Figure 3).

These results confirm the presence of phenylalanine in both 
the spike and nucleocapsid proteins, shown at 620 cm-1, 
1003-1010 cm-1, and 1206 cm-1 wavenumbers. However, 
tryptophan was detected in both the spike transformed bacterial 
and non-transformed bacterial control samples as indicated by 
the presence of its markers at 870 cm-1 and 1032-1040 cm-1, 
and by the fermi doublet band at 1340 cm-1, 1358 cm-1, and 
1552 cm-1, although the non-transformed bacterial control 
samples exhibited a slight fermi doublet band shift to 1350 
cm-1 and 1360 cm-1. Furthermore, tyrosine was only detected 
in nucleocapsid protein from the SARS-CoV-2 transformed 

bacterial lysate/extract sample, but was absent in the spike 
protein for both transformed and non-transformed bacterial 
samples. The markers for tyrosine present in Nucleocapsid 
protein were shown at 810 cm-1, 853 cm-1, 1174 cm-1, 1260 
cm-1, and 1612 cm-1.

In addition, the spike and nucleocapsid proteins seem to 
possess a secondary structural order, especially for spike 
sample, which displayed two strong bands in the 1665-1680 
cm-1 and 1230-1240 cm-1 region. Furthermore, the non-
transformed competent bacterial cell lysates/extracts showed 
medium to broad intensity bands in the Amide I (1665-1660 
cm-1) region and medium intensity bands in the Amide III 
region, indicating a different structural order. This indicated 
that the non-transformed competent bacterial cell culture 
extract is a completely different mix of proteins than those of 
Spike and Nucleocapsid extracts. 

Discussion

The results of our investigation showed how a constructed 
cDNA SARS-CoV-2 sensor can be used to effectively produce 
recombinant proteins/antigens that bind to SARS-CoV-2 
polyclonal antibodies [19, 24]. Other authors have produced 
recombinant proteins, and developed a specific lateral flow 
immunoassay (LFIA)-based biosensor for COVID-19 [25]. 
Our biosensor has been specifically assembled for targeting 
polyclonal antibodies related to spike and nucleocapsid 
proteins. This is due to the production of exons by the 
genetic construct for encoding these specific proteins. Similar 
approach has previously been used by the author of this 
publication [15]. In addition, our denoted technology used 
the Raman photonic spectroscopy, which exhibits quenching 
and specific signal intensity and minimizes or eliminates noise 
on the detection of the targeted molecules, such as spike and 
nucleocapsid proteins. Hence enhancing the detection level 
of targeted antibodies, as compared to the current detection 
method which show inherent noise due to the lack of sensitivity 
[7]. Therefore, our technology exhibits enhanced sensitivity 
due to the assembly of several specific exon sequences for 
targeting polyclonal antibodies using synthetic biology. Also, 
perhaps because the assembly of all required genes requires 
using a vector capable of effectively linking several genes, 
the vector (i.e. pETDuet-1) used in this investigation seems 
to have greatly contributed to the effective functionality of the 
described SARS-CoV-2 sensor. This concept has also been 
demonstrated for other proteins in a previous scientific report 
[15, 26, and 27]. The DNA sensor as a biomolecule could be 
more in affinity with the frequency and/or vibration of the 
isotopic configuration of other biomolecules, such as proteins. 
However, other authors have found that non-biological sensors 
can exhibit less detecting sensitivity [28]. For example, in a 
hypothetical mechanism, the DNA sensor seems to detect the 
SARS-CoV-2 antibodies by showing the DNA as a trigger 
of the process for transduction linked to the RNA toward 
production of recombinant proteins in the lysate which, in turn, 
become the analytes for binding to the antibodies (Figure 4).
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Figure 3: Raman Spectra of SARS-CoV-2 Spike (Figure 3a) and Nucleocapsid (Figure 3b) Proteins in Transformed and Non-Transformed 
Competent Bacterial Lysate/Extract
Figure 3a: Raman Spectrum for Spike Protein in Transformed and Non-Transformed Bacterial Cells
Figure 3a: Blue = Transformed Cells 
  Red = Non-Transformed Cells
Figure 3b: Raman Spectrum for Nucleocapsid Protein in Transformed and Non-Transformed Bacterial Cells
Figure 3b.  Blue = Transformed Cells 
   Red = Non-Transformed Cells
Figure 3: These illustrate the shift value within all the five areas in the fingerprint region, expressed as wavenumber (cm-1) on the x ordinate 
axis, as well as the Raman intensity on the y-axis, which is expressed as Absorbance Intensity Light Scatering. These figures also show 
the different protein expression including spike and nucleocapsid proteins for the SARS-CoV-2 transformed bacterial cells (blue line = –), 
as compared to the non-transformed competent-control cells (red line = –). Also, these figues  display presence of the spike protein (Figure 
3a) and nucleocapsid protein (Figure 3b) by indicating amino acids such as phenylananine (Phe), tyrosine (Tyr), and tryptophan (Trp), C-N 
stretches, and/or peptide bond featuress including amides, within all five fingerprint areas (see arrows) .
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Based on our ELISA assay, differences in responses for binding 
to antibodies against spike and nucleocapsid proteins tested 
from DNA sensors expressed in E.coli and yeast host cells 
could be a consequence of differential recombinant protein 
expression [29]. The higher signal in the case of E.coli lysates 
could be due to the higher expression of recombinant proteins, 
nonetheless, or it could be that antibodies used against these 
two proteins recognize multiple epitopes on antigens since 
E.coli expressed proteins are not post-translationally modified. 
Although a higher antibody signal was shown by spike and 
nucleocapsid antibodies when they were conjugated with 
antigens/lysate/recombinant proteins from E. coli than from S. 
cerevisiae, lysate samples obtained from both E. coli and yeast 
demonstrated their binding to their corresponding antibodies.

Both E. coli and yeast as recombinant protein hosts have 
advantages and disadvantages. For instance, the E.coli growth 
rate is much higher than that of yeast, but on the other hand, 
yeast has the advantage of the automatic processing of any 
needed post-translational protein modification compared to 
E.coli. Similarly, yeast’s capability of introducing protein 
modifications may better reflect the behavior of hydrophobic 
and membrane proteins than unmodified proteins expressed in 
E.coli. In any case, the rate of recombinant protein expression 
in most cases is relatively higher in E.coli than in yeast and 
thus it is a very economical system for potential scale-up and 
widespread deployment [30]. 

Also, design and construction of any DNA construct depends 
on the selection of an expression vector, a strong promoter, host 
organism, and selective growth medium [29]. It is a challenge 
to express mammalian-origin genes into host organism such as 
bacteria and yeast. 

The present DNA sensor that contains multiple SARS-
CoV-2 genes was designed and constructed for expression 
in bacteria and yeast. These genes encode for antigens such 
as spike glycoprotein, nucleocapsid protein, SARS-CoV-2 
3CL protease, and membrane glycoprotein. Expression of 
each gene, encoding its corresponding product, depends on 
the structure and properties of the expressed protein. As they 
relate to posttranslational modifications and amphipathic 

properties of the expressed proteins, expression levels may 
vary depending on the nature of proteins. In the case of 
membrane and hydrophobic proteins, expression level is 
usually significantly less compared to proteins with hydrophilic 
profiles. Additionally, depending on the host organism, growth 
medium also plays an important role on cell growth and thus 
on the gene expression. Therefore, expression of different 
proteins in a given gene device sensor may differ based on their 
posttranslational modifications, primary/secondary structure, 
and amphipathic profile. If we compare spike glycoprotein and 
nucleocapsid proteins in the SARS-CoV-2 DNA sensor, these 
two proteins have very different amphipathic profiles, which is 
reflected when these proteins are expressed and tested for the 
detection of their corresponding antibodies.

In addition, results from the Raman spectroscopic analysis, 
corroborates not only the presence of the SARS-CoV-2 
proteins, especially spike and nucleocapsid, in the lysates/
extracts, but also the efficacy of the DNA SARS-CoV-2 sensor 
for recognizing antibodies related to SARS-CoV-2. One of the 
authors of this paper has previously used Raman spectroscopy 
to effectively detect proteins in blood [15]. Raman spectroscopy 
analysis to recognize proteins according fingerprint of the 
protein has also been studied by other authors [31]. Certainly, 
the results from the Raman spectroscopy show clear differences 
between the SARS-CoV-2 sensor from transformed bacterial 
lysates/extracts and the non-transformed-control bacterial 
lysates/extracts, thus confirming the efficacy of our molecular/
synthetic biology approach, and also the sensitivity of the 
Raman technology to detect the main and specific proteins 
of the SARS-CoV-2 virus. The high sensitivity of the Raman 
analysis is mainly due to inherent lower noise or inelastic light 
scattering of the technology, as compared to other methods 
which show noise or more elastic light scattering [28]. The 
slight spectrum shift in some of the present results seems to be 
due to the inherent nature of the samples, where particles tend to 
aggregate, causing the shift. Furthermore, the slight spectrum 
shift could be due to the glycosylation, phosphorylation and/
or other modifications occurring during the expression of the 
proteins in the host cells, which might cause interference with 
the spectral characteristics of these biomolecules [15, 32]. 

Figure 4: This diagram illustrates a hypothetical mechanism for how the DNA sensor detects SARS-CoV-2 antibodies by showing the DNA as 
a trigger of the process for transduction linked to the RNA toward production of recombinant proteins in the lysate, which become the analytes 
for binding to the antibodies. This process should be similar to the electronic sensor, which is also made of a transducer and analyte.
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Conclusion

The present investigation represents a convergence of 
techniques in the field of molecular/synthetic biology, nano-
science, and biomedical sciences. Moreover, it demonstrates 
an advancement in the high-sensitivity detection of antibodies 
against SARS-CoV-2 as it remains a great scientific and 
technological challenge. However, the denoted technology 
needs to be tested In vivo by using blood/plasma and saliva 
from different groups of patients of different geographic origin, 
and different gender and age. This will allow the effective use 
of this technology for public health and social policy, in order 
to mitigate the COVID-19 disease and/or the pandemic. 

Additional studies are being carried-out in order to improve 
the sensitivity and the use of this technology, especially to 
be used as a future construction of a genetic platform for the 
possible development of vaccines against COVID-19. 
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