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Abstract: Surface Plasmon Resonance (SPR) technology has been known as a powerful tool for studying 
biomolecular interactions because it offers real-time and label-free multiparameter analysis with high sensitivity. 
This article summarizes the results that have been obtained from the use of SPR technology in studying the 
dynamics of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) mutations. This paper will begin 
by introducing the working principle of SPR and the kinetic parameters of the sensorgram which include the 
association rate constant (ka), dissociation rate constant (kd), equilibrium association constant (KA), and 
equilibrium dissociation constant (KD). At the end of the section, we will summarize kinetic data on the 
interaction of SARS-CoV-2 with different variants with various ligands which were obtained from the results of 
SPR signal analysis. These affinity-related kinetic data are very useful both in drug discovery for therapeutic 
purposes and in the detection of SARS-CoV-2. 
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1. Introduction 
The global coronavirus disease 2019 (COVID-19) pandemic, caused by SARS-CoV-2 virus, has 

resulted in many deaths and serious economic problems in all countries around the world[1–3]. In 
this context, the development of sensitive and accurate detection technology is very important in 
dealing with viruses with high spread rates and transmission that is difficult to avoid. The common 
methods have been used to detect COVID-19 including RNA detection by reverse transcription 
polymerase chain reaction (RT-PCR) from respiratory sample[4], antibody detection by the enzyme-
linked immunosorbent assay (ELISA)[5], chest X-rays[6], and computed tomography[7]. 

Of the several methods mentioned, RT-PCR is still the gold standard clinical diagnostic method 
for detecting COVID-19[8]. Unfortunately, this method requires special equipment with trained 
personnel. The RT-PCR procedure also takes a long time with complex steps[9]. Therefore, testing 
samples in mass quantities is difficult to realize. In this case, methods that are simple, fast, accurate 
and sensitive are really needed to deal with the spread of the virus in the future. 

SPR biosensors have been used for more than 30 years to rapidly and accurately measure several 
biological and chemical species with very low detection limits to the aĴo- or femtomolar order[10]. 
By utilizing surface plasmon waves (SPW), the interaction between the receptor molecule and the 
analyte detected can be monitored in real time by observing the sensorgram signal. This device also 
offers parallel analysis through the development of surface plasmon resonance imaging (SPRi) so as 
to offer more complete information[11]. This paper summarizes the development of SPR biosensors 
in the face of the COVID-19 pandemic. The paper begins by introducing the principles of SPR 
technology and continues by introducing the kinetic parameters of the SPR signal. At the end of this 
paper, we will describe the results that have been obtained by researchers in developing SPR 
biosensors both for the detection of SARS-CoV-2 and for studying the kinetic parameters of this virus. 
Affinity and dissociation in various variants of SARS-CoV-2 will also be reviewed in this paper. 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
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2. Working principle and Development of SPR Biosensor 
SPR biosensor is one type of biosensor that utilizes surface plasmon waves in its work. Surface 

plasmon waves are generated when light interacts with free electrons at the interface between metal 
(or other conducting material) and dielectric (usually glass, air,  or liquid)[12]. When monochromatic 
light with p-polarization strikes a metal surface, the light will be absorbed by electrons and cause 
collective oscillations of electrons called plasmons[13]. Surface plasmon waves propagate on metal 
and dielectric surfaces with a wave number symbolized by ݇௦௣ and its magnitude can be determined 
mathematically by the following equation[14]: 

݇௦௣ = ߱ܿ ඨ (ௗߝ+௠ߝ)(ௗߝ௠ߝ) , (1)

Where ߱  is the frequency of incident light, c is the speed of light, ߝ௠  and ߝௗ  are the dielectric 
constants of the metal and the dielectric, respectively. Because the dielectric constant is related to the 
refractive index (n) based on the relationship ඥߝ௥௘௔௟ [15], then ݇ௌ௉ in Equation 1 can be modified 
to[16]: 

݇௦௣ = ߱ܿ ඨ (݊௠ଶ ݊ௗଶ)(݊௠ଶ + ݊ௗଶ) , (2)

Where ݊௠ and ݊ௗ indicate the refractive index of the metal and dielectric. 
If we measure the intensity of reflected light, at a certain angle of incidence we will find an angle 

where the light will show a very low intensity. This happens because the incident light is completely 
absorbed by the electrons. The angle at which the intensity of the reflected light shows the smallest 
intensity is usually called the SPR angle or the resonance angle. The resonance condition occurs when 
the wave number of the photon is equal to the wave number of the surface plasmon. This can be 
explained from dispersion curve as shown in Figure 1a.  Surface plasmon waves cannot be excited 
by direct light because the wave vector of the surface plasmon is higher than the incident light. The 
wave vector of the surface plasmon (blue curve) will never intersect with the wave vector of the 
photon (red curve) over the entire wave number range. To achieve resonance conditions, the 
dispersion curve of the surface plasmon must be reduced or the dispersion curve of the photons 
increased. One widely used approach is to add a prism with a high refractive index to increase the 
photon dispersion curve. By adding a prism, the photon wavenumber changes from: ݇௫ = ఠ௖  sin  (2)  ߠ

to  ݇௫ = ఠ௖  ݊௣  sin (3) .ߠ

Since the refractive index of the prism is constant, the resonance angle will depend on the 
presence or absence of absorbed molecules at the metal and dielectric interfaces on the sensing surface. 
The presence of absorbed molecules will result in a shift in the resonance angle. Therefore, we can 
monitor the presence or absence of adsorbed molecules or find out how fast the molecules are 
absorbed (kinetic analysis) from the SPR sensorgram (Figure 1b). There are several parameters that 
we get from the SPR sensorgram, which are association rate constant (ka), dissociation rate constant 
(kd), equilibrium association constant (KA) and equilibrium dissociation constant (KD). All these 
quantities will be discussed in the next section. 
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Figure 1. (a). Surface plasmon dispersion curve. (b). Schematic of the prism-coupled SPR biosensor and the 
resulting signal. 

In 1982, SPR technology was used for gas detection. Until now, SPR technology continues to be 
developed for wider applications such as food safety[17], environmental monitoring[18], medical 
diagnosis and detection[19], drug discovery[20] and others. Apart from that, another focus in the 
development of SPR biosensors is in transducer engineering to achieve sensitive sensors so that 
analytes can be detected down to the smallest possible concentration. By modifying the SPR chip 
using 2D materials such as graphene and MoS2, various biomarkers with very small concentrations 
can be detected. Chiu et al modified the surface of a thin layer of gold on an SPR chip with graphene 
oxide to detect human chorionic gonadotropin (hCG) proteins[21]. The detection limit that can be 
achieved by this sensor system is 0.065 nM and when compared with conventional SPR biosensors, 
modification with graphene oxide can increase the sensitivity of the biosensor up to 16 times higher. 
In 2021, Chiu et al also modified the SPR chip using MoS2 to detect pregnancy-associated plasma 
protein-A2 (PAPP-A2)[22]. The detection limit obtained was 0.05 pg/mL with a linear range of 
detection ranging from 0.1 to 1100 pg/mL. 

3. Principle of SPR Kinetics 
SPR biosensor is a very powerful tool to investigate phenomena that occur on the sensing surface. 

Surface phenomena such as molecular absorption cause changes in the refractive index and change 
the SPR angle. The SPR angle will shift to a higher angle when a molecule is adsorbed and will shift 
to a smaller angle when a molecule is released from the sensing surface. The response of the SPR 
biosensor due to a phenomenon on the sensing surface can be ploĴed any time in real time and the 
resulting curve is called a sensorgram curve. Kinetic parameters that describe bonding events can be 
obtained such as association, dissociation and equilibrium constant[23]. 

In the simplest SPR experiment, the experiment begins with immobilization of the active ligand 
to specifically recognize the molecule to be detected (Figure 2a). Ligands can be immobilized on the 
sensor surface through a material which is usually called self-assembled monolayers (SAM)[24]. The 
target molecule to be detected in this case is called the analyte. The buffer that flows over the sensor 
surface is called the running buffer[25]. It is very important to condition the sensor surface with an 
appropriate buffer solution and the types of buffers that are widely used in SPR experiments are 
HEPES, Tris, or PBS[26]. 
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Figure 2. (a). Biosensor chip architecture, (b). SPR sensorgram at different phase. 

As shown in Figure 2b, the capture of the analyte by the ligand begins with the conditioning of 
the running buffer signal. The signal on the sensorgram must form a stable baseline. External 
influences that cause signal fluctuations in the sensorgram, such as temperature, must be minimized 
as small as possible[27]. Once a baseline is obtained, the solution containing the analyte can be 
injected. Ligands immobilized on the sensor surface will capture the analyte and this is indicated by 
an increase in the sensorgram signal. The magnitude of the sensorgram signal increase depends on 
the number of active ligands. After the active ligand pairs with the analyte, the sensorgram signal 
will be in an equilibrium state. This phase is called the association phase. In the same phase, non-
specific interactions caused by the presence of impurities in the analyte solution are also very likely 
to occur. Therefore, washing is carried out using a running buffer. Remaining analytes and 
components that are not tightly bound will be removed from the sensor surface. This phase is called 
the dissociation phase. After this phase has been successfully completed, the sensorgram signal will 
show a steady state. Finally, the regeneration solution is injected on the sensing surface to break the 
bond between the analyte and the ligand. If the ligands are immobilized properly, all ligands will 
remain on the sensing surface and measurements for other analyte samples can be made using the 
same SPR chip[23,28–30]. SPR biosensors are usually equipped with two channels where the first 
channel is used to obtain a sensorgram signal from the analyte and the other channel is used to obtain 
a reference sensorgram signal. The actual signal is obtained after correction by subtracting the 
measured analyte signal minus the reference signal[31,32]. 

If the ligand on the sensing surface is symbolized by B bonded to the analyte symbolized by A, 
the bond between them produces a complex molecule symbolized by AB. The interaction can be 
wriĴen by the following equation[30]: ܣ + ௞௔,௞ௗር⎯⎯ሮ ܤ (4) ܤܣ 

The association rate constant is defined as the number of complex molecules formed per unit time at 
concentrations of A and B. This quantity is usually denoted by ݇௔  and in some references it is 
denoted by ݇௢௡ . Furthermore, the dissociation rate constant indicates the number of complex 
molecules that decay over time. This quantity is usually symbolized by ݇ௗ and in some references 
wriĴen as ݇௢௙௙. Equilibrium is reached when the rate of association and dissociation is equal. The 
association and dissociation equilibrium constants represent the affinity of interaction between ligand 
and analyte. The affinity of the molecule for association is expressed by equilibrium association 
constant (KA). The last one is equilibrium dissociation constant (KD). This quantity indicates the 
stability of the formation of the AB complex molecule where a high KD value indicates the low 
stability of the formation or interaction of A and B molecules[33]. Table 1 below shows the definitions, 
units, and typical ranges for ݇௔, ݇ௗ, ܭ஺ and ܭ஽. 

Table 1. Definition, units and typical range of ݇௔, ݇ௗ, ܭ஺ and ܭ஽. 
 ݇௔  ݇ௗ ܭ஺  ܭ஽ 
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Definition ܣ + ܤ → AB ܤܣ → A + B [AB][A][B] = kୟkୢ 
[A][B][AB]= kୢkୟ 

 
Unit ݏ ݈݋݉ܮ sିଵ L/mol mol/L 

Typical 
range 

10ଷ − 10଻ 10ିଵ − 5 x 10ି଺ 10ହ − 10ଵଶ 10ିହ− 10ିଵଶ 
 

To produce a good sensorgram signal, there are a few tips to consider. Some of them are related 
to pH and type of buffer used, reactive group and molecular weight. The reactive group is important 
because it ensures covalent coupling of the ligands on the sensor surface. Ligands must contain 
reactive groups such as −ܰܪଶ,  to capture proteins and oligonucleotides. Molecular ܪܱܱܥ− or ,ܪܵ−
weight will affect the signal that will be generated where smaller molecules can change the refractive 
index to be lower than larger molecules. In many cases, researchers usually immobilize a molecule 
with a smaller molecular weight as a ligand to obtain a higher signal[34]. The relationship between 
the molecular weight of the analyte (ܯ ௔ܹ௡௔௟௬௧௘), ligand (ܯ ௟ܹ௜௚௔௡ௗ), and the ligand response (ܴ௟௜௚௔௡ௗ) 
with the binding capacity of the analyte is shown in the following equation[35]: ݕݐ݅ܿܽ݌ܽܿ ܾ݃݊݅݀݊݅ ݁ݐݕ݈ܽ݊ܣ (ܴܷ) = ܯ ௔ܹ௡௔௟௬௧௘ܯ ௟ܹ௜௚௔௡ௗ ௟௜௚௔௡ௗ(ܴܷ) (4)ܴ ݔ 

The response to the binding capacity of the molecule is maximal only when the ligand on the 
sensing surface is fully active. However, in many experiments, some ligands on the sensing surface 
are not active so that the signal response obtained is smaller. 

4. COVID-19 virus and its mutation 
The SARS-CoV-2 virus is a member of the betacoronavirus genus and has a genome similar to 

that of SARS-CoV (about 80%) and middle east respiratory syndrome coronavirus (MERS) (about 
50%)[36]. In simple terms, this virus has a spherical shape with a diameter of 130 nm and is 
surrounded by a spike-like structure on its entire surface as shown in Figure 3. This virus encodes 
sixteen non-structural proteins (NSPs) and four structural proteins which are the nucleocapsid 
protein (NP), spike glycoprotein (SP), membrane protein (MP), and envelope protein (EP)[37]. The 
SP is composed of an N-terminal S1 subunit and a C-terminal S2 subunit located near the 
membrane[38]. The S1 subunit contains RBD which can bind to ACE2 as a cellular receptor during 
virus entry and after that the Transmembrane domain in subunit S2 will help the virus enter the host 
cell[37,38]. 
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Figure 3. Structure of the SARS-CoV-2 virus. Reproduced with permission from [38]. Copyright (2023), 
Springer. 

SARS-CoV-2 continues to evolve over time. These changes can affect the characteristics of the 
virus such as changes in the speed of its spread. Since it was first identified in December 2019 to 
November 2021, SARS-CoV2 has mutated 5 times with variants called alpha B.1.1.7 in September 
2020, beta 1.351 in October 2020, gamma P.1 in November 2020, delta B.1.617.2 in December. 2020 and 
the last one is Omicron B.1.1.529 in November 2021. Before the discussion continues, it is very 
important to know the difference between mutation and variant to make the discussion clearer and 
to avoid misunderstanding. Mutations were defined as amino acid exchanges (nonsynonymous or 
missense) in spike glycoproteins, while other nucleotide changes (synonymous or non-missense) 
were defined as variants[39,40]. Because the mutations are associated with exchange in the spike 
glycoprotein, Figure 4 below shows the location of the mutations in the spike glycoprotein of several 
variants namely alpha, beta, Gamma, Delta, and omicron and to see the differences clearly, we 
compared them with the Ancestral protein structure. 
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Figure 4. 3D structure of the spike protein of SARS-CoV-2 variants alpha, beta, gamma, delta, and omicron 
in comparison with an ancestral virus. Reproduced with permission from [41]. Copyright (2023), mBio. 

5. Application of SPR technology for SARS-CoV-2 detection and analysis of its binding 
A number of papers have been published related to SPR technology. Some of them focus on 

studying the kinetic parameters of SARS-CoV-2 before and after they mutate and some other studies 
focus on modifying the transducer to produce a device that can detect SARS-CoV-2 at lower 
concentrations than conventional transducers. Regarding the detection mechanism, there are three 
different interactions that can be utilized as ligands and analytes. The first is to take advantage of the 
binding between the antibody and the spike protein. The second is the bond between spike protein 
and anti-spike protein and the last is probe RNA and single strand RNA virus[42]. 

Wrapp et al in 2020 measured ݇௔, ݇ௗ and ܭ஽ using an SPR biosensor in which two viral strains 
namely the s-protein of the novel coronavirus (2019-nCoV) and the RBD sub-domain 1 (SD1) of SARS-
CoV were compared. Serial dissolution of ACE2 was carried out to obtain a 1:1 binding stoichiometry. 
After ACE2 injection, a sensorgram for each concentration of ACE2 was obtained as shown in Figure 
5. The black line shows the real data while the red line shows the fiĴing data. If we compare the ܭ஽ 
value of 2019-nCoV S and SARS-CoV RBD-SD1, the ܭ஽ value of SARS-CoV RBD-SD1 shows a much 
higher value of 325.8 nM. As explained in the previous section in Section 3, a high ܭ஽ value indicates 
low stability in the formation of bonds between the two molecules. Therefore, it can be concluded 
that 2019-nCoV S has a higher affinity which is 20 times higher than the binding between ACE2 and 
SARS-CoV RBD-SD1[43]. 
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Figure 5. SPR sensorgram showing kinetic binding for ACE2 with (a). 2019-nCoV S, (b). SARS-CoV RBD-
SD1. Reproduced with permission from [43]. Copyright (2020), Science. 

In the same year, Lan et al also compared the binding affinity between SARS-CoV-2 RBD and 
SARS-CoV RBD. ACE2 was employed as a ligand and immobilized on the CM5 chip sensor surface. 
The response generated after ACE2 injection is 500 response units. Serial dilution was carried out on 
samples of SARS-CoV-2 RBD and SARS-CoV RBD to obtain a 1:1 bonding model using Biocore 
evaluation software (GE Healthcare) and the concentrations obtained were in the range of 1.95 nM to 
62.5 nM. Figure 6 shows the sensorgram in this concentration range where the ܭ஽ values of SARS-
CoV-2 RBD and SARS-CoV RBD were 4.7 nM and 31 nM, respectively [36]. Walls et al in 2020 
conducted a kinetic analysis between human ACE2 (hACE2) with SARS-CoV-2 S and SARS-CoV S 
using a biosensor based on biolayer interferometry (BLI). The results obtained showed that the ܭ஽ 
values of SARS-CoV-2 S and SARS-CoV S were 1.2 nM and 5 nM, respectively[44]. If we compare 
some of the results above, the ܭ஽ values obtained show a slightly different magnitude, but both have 
similarities, namely the ܭ஽  of SARS-CoV-2 S is always smaller than that of SARS-CoV S. This 
indicates that the binding affinity is higher than that of SARS-CoV-2 S. 

 
Figure 6. Binding curves of immobilized human ACE2 with the SARS-CoV-2 RBD (left) and SARS-CoV RBD 
(right). Reproduced with permission from [36]. Copyright (2020), Nature. 

The SARS-CoV-2 variant that continues to mutate causes the infectivity of the virus to enter the 
body to be higher. Several studies have reported changes in the binding affinity of ACE2 after the 
virus mutates[45]. Xue et al investigated 9 different mutations and compared them with wild type 
(WT). The mutants investigated were Q498W, Q498R, T500W, S477H, Y505W, T500R, N501V, Y489W, 
and Q493M. The ܭ஽ value of WT is 21.08 nM. Of the 9 mutants investigated, 3 of them had higher ܭ஽ values, namely T500W (ܭ஽ = 21.8 nM), N501V (ܭ஽ = 158.50 nM), and Y489W (ܭ஽ = 38.90 nM). 
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Since most of the ܭ஽ decreased after mutation (the smallest ܭ஽ was Q493M (6.9 nM)), this indicates 
that the presence of viral mutations could strengthen the binding affinity[46]. 

The effect of mutations was also investigated by Barton et al in 2021. They investigated the 
affinity and kinetics of 5 types of RBD mutations (K417N, K417T, N501Y, E484K, and S477N) and 2 
ACE2 mutations (S19P and K26R). Then they compared it with WT RBD (In Figure 7, the affinity and 
kinetics of WT RBD are shown by dashed lines). As shown in Figure 7a, the RBD mutation increased 
binding to the single mutations (S477N, E484K, and N501Y). Of these three single mutation types, 
N501Y showed the highest increase which was 10 times higher than WT RBD. Not only single 
mutations, double (E484K/N501Y) and triple mutations (K417N/E484K/N501Y and 
K417T/E484K/N501Y) also have higher affinity than RBD WT. The same results also occur in ACE2 
mutations. Of the 2 types of ACE2 mutations investigated, both increased the binding affinity 
between ACE2 and RBD[47]. 

 

Figure 7. Kinetic parameters (݇௔, ݇ௗ, and ܭ஽) due to (a). RBD mutation, (b). ACE2 mutation. Reproduced 
with permission from [47]. Copyright (2020), eLife. 

To date, several articles related to the effect of mutations on SARS-CoV2 have been published. 
Table 2 shows a summary of several papers investigating kinetic parameters using SPR technology. 

Table 2. Equilibrium dissociation constant (ܭ஽) data on different ligands and analytes obtained from SPR 
analysis 

Ligand Analyte KD value Ref. 
ACE2    
ACE-2 SARS-CoV-2 14.7 nM [43] 

ACE2-IgHu  SARS-CoV-2 27 nM [48] 
ACE-2 SARS-CoV-2 74 nM  [49] 
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Antibody    
SARS VHH-72 (single-domain 

antibodies, VHHs) from a llama  
SARS-CoV-2 38.6 nM [50] 

humanized single domain antibodies 
(sdAbs) 

SARS-CoV-2 0.99–35.5 nM [51] 

7D6 and 6D6 SARS-CoV-2 0.003 nM and 0.01 nM [52] 
CR3022 SARS-CoV-2RBD 6.3 nM [53] 

    
Aptamer    

nCoV-S1-Apt1 SARS-CoV-2 0.327±0.016 nM [54] 
    

Cross-species recognition    
bat ACE2 from Rhinolophus 

macrotis (bACE2-Rm)  
SARS-CoV-2 

 
SARS-CoV-2 

no binding [55] 
 

human ACE2 receptor (hACE2). 20.4 nM 
    

Drug    
Eltrombopag SARS-CoV-2, S2 

domain 
2.172 µM [56] 

Eltrombopag SARS-CoV-2, 
S1 + S2 domain 

2.007µM  

Eltrombopag ACE2 0.8275 µM    
Glucocorticoids (GCs), including 

dexamethasone (DEX) 
SARS-CoV-2 9.03 ± 0.78 µM [57] 

6. Conclusions 
This study summarizes an in-depth kinetic analysis of SARS-CoV-2 mutations using SPR 

biosensors. Research results have shown that the SPR biosensor is a very effective tool for identifying 
and understanding molecular changes in the SARS-CoV-2 virus. The main advantage of SPR 
biosensors is seen in their ability to provide real-time monitoring of molecular interactions between 
viral mutations and receptors on the sensor surface. With this capability, deep insights into 
interaction dynamics can be explored in greater depth by analyzing rates of association and 
dissociation. 

The high sensitivity of the SPR biosensor opens up opportunities for more efficient monitoring 
and rapid diagnosis. Its label-free characteristic can also reduce the complexity and disruption that 
may arise from using labels. The research results that have been obtained confirm that the SPR 
biosensor is a powerful tool for kinetic analysis of SARS-CoV-2 mutations. The implications of these 
findings include significant advances in the understanding of the biological response of the virus and 
provide a basis for the development of more sophisticated diagnostic and therapeutic strategies.  
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