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Abstract
The outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has necessitated the development of a rapid, 
simple yet selective naked-eye detection methodology that does not require any advanced instrumental techniques. In this 
study, we report our computational findings on the detection of SARS-CoV-2 using peptide- functionalized gold nanoparticles 
(GNPs). The peptide has been screened from angiotensin-converting enzyme 2 (ACE2) receptor situated on the surface of 
the host cell membrane which interacts with the spike protein of SARS-CoV-2, resulting entry of the virus into the host cell. 
As a result, the peptide-functionalized GNPs possess excellent affinity towards the spikes of SARS-CoV-2 and readily get 
aggregated once exposed to SARS-CoV-2 antigen or virus. The stability of the peptides on the surface of GNPs and their 
interaction with the spike protein of the virus have been investigated using coarse-grained molecular dynamic simulations. 
The potential of mean force calculation of spike protein confirmed strong binding between peptide and receptor-binding 
domain (RBD) of spike protein. Our in silico results demonstrate the potential of the peptide-functionalized GNPs in the 
development of simple and rapid colorimetric biosensors for clinical diagnosis.

Keywords Covid-19 detection · SARS-CoV-2 · Gold nanoparticle · Colorimetric detection · Peptides · Molecular dynamics 
simulation

Introduction

For the past 2 years, COVID-19 pandemic has posed a seri-
ous threat against public health and global economies [1–3]. 
Along with the suitable therapeutics to cure this deadly dis-
ease, rapid diagnosis and isolation of infected persons are 
being adopted to contain the spread of the virus worldwide 
[4–6]. At present, nucleic acid testing is the primary method 
for diagnosing COVID-19 [5]. RT-PCR (reverse transcrip-
tion polymerase chain reaction) kits have been designed to 
detect SARS-CoV-2 genetically by reverse transcription and 
amplification of its RNA into complementary DNA [7, 8]. 
Serological tests based on the presence of viral antibodies in 

the blood of exposed individuals are also being developed to 
understand the full extent of viral spread [9]. CT scans have 
been used for clinical diagnosis of COVID-19 in some areas 
[10]. Other emerging diagnostic tests based on nucleic acid 
testing (LAMP [11], SHERLOCK [12]) and protein testing 
(ELISA [13]) have also been reported. All these biosensing 
techniques mostly require advanced instruments and need 
of an expert, which are time-consuming and cumbersome as 
well as susceptible to viral gene mutation [7, 14].

Efforts have been made for the development of simple, 
reliable, and rapid detection methodologies [14–16]. In this 
regard, gold nanoparticles (GNPs) have been extensively uti-
lized for developing colorimetric detection platform owing 
to their exceptional optical properties such as high extinc-
tion coefficient, localized surface plasmon resonance, and 
inherent photostability [14, 16]. For example, Moitra et al. 
used GNPs capped with suitably designed thiol-modified 
antisense oligonucleotides (ASOs) specific for nucleocap-
sid phosphoprotein (ssDNA) of SARS-CoV-2 RNA for 
selective “Naked-eye” detection of SARS-CoV-2 [14]. The 
thiol-modified ASO-capped GNPs agglomerate selectively 
in the presence of its target RNA sequence of SARS-CoV-2 
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and demonstrate a change in its surface plasmon resonance 
(SPR) and subsequent color change of the solution (Fig. 1a). 
The technique, however, required extensive process of viral 
RNA extraction, isolation, and replication. The other impor-
tant technique was proposed by Seo et al., where they used 
graphene surface for preferential binding of S-protein to its 
antibody [15]. FET-based sensor was attached to the gra-
phene surface for the detection of the virus. The technique 
also requires complex system setup as shown in (Fig. 1b). 
Functionalized GNPs and their interaction with viral surface 
structural protein have been proposed previously for other 
viruses as well [17, 18]. Niikura et al. used GNPs coated 
with sialic acid–linked lipids for the optical detection of JC 
virus-like particles [17]. Zheng et al. proposed detection of 
influenza viruses with glycan-functionalized GNPs [18].

It has been well established that the spike proteins of 
SARS-CoV-2 are responsible for the virus invasion and 
disease spread [19–22]. Accordingly, anti-spike antibodies 
have been developed and attached on the surface of gold 
nanoparticles to induce aggregation in presence of SARS-
CoV-2 or the antigen itself [23–25]. However, antibodies 
are associated with their inherent limitations such as large 
molecular size, cross-reactivity, high production, and poor 
stability [5, 7]. Rationally designed peptides with high speci-
ficity to the target antigen can be a potential alternative to 
these antibodies. Accordingly, in our recent work, we have 
screened potential peptides for targeting spike proteins of 
SARS-CoV-2 based on their stability in aqueous solution 
and binding affinity to spike protein [26]. Since the RBD of 
spike proteins of SARS-CoV-2 interact preferentially with 
ACE2 receptors [20, 21], the peptides were derived from 
ACE2. In the present work, we have utilized one of these 
potential peptides for functionalizing GNPs. The peptides 
not only impart strong affinity towards SARS-CoV-2 spikes 
to the GNPs, but also provide excellent stability to the GNPs 
in aqueous environment, as demonstrated by molecular 
dynamics simulation. Furthermore, our in silico study shows 
aggregation of GNPs in presence of SARS-CoV-2 antigen or 

virus which will be associated with visual change in color of 
the GNP dispersion (Fig. 1c).

Overall, the current study demonstrates a potential design 
paradigm for colorimetric detection of SARS-CoV-2 or its 
antigen using peptide modified GNPs.

Materials and methods

The peptide structure (amino acid sequence- EQEERIQQD-
KRKNENEDKRYQRYGRGKGHQP) was taken from 
Badhe et al. [26]. Badhe et al. reported several peptides 
which could selectively bind to the receptor-binding 
domain (RBD) of the spike protein of the coronavirus. They 
have screened several peptides based on their stability in 
aqueous solution and binding free energies. The peptide 
(EQEERIQQDKRKNENEDKRYQRYGRGKGHQP) was 
found to be more stable and had lowest binding energy. The 
structure of full-length SARS-COV-2 spike protein model 
in a viral membrane was taken from the work of Woo et al 
[27, 28] and structure of spike RBD was taken from PDB 
ID 6M0J [21]. The peptide and spike protein were mod-
elled using the MARTINI force field [29]. The peptides, 
proteins, and lipids were converted to CG models using the 
script available at MARTINI force field developer’s website 
[30, 31].The coarse-grained (CG) parameters of thiol-coated 
GNPs were taken from previous simulation studies [32–34]. 
The gold nanoparticle was carved out from an FCC crys-
tal of given size of nanoparticle. A one-to-one mapping of 
atomistic atom to CG atom was used. Four atomistic SPC 
water molecules were taken together to represent a single 
CG MARTINI bead for water. The peptide was bound to the 
GNPs through a thiol bond giving the GNP-peptide com-
plex (Au-S- EQEERIQQDKRKNENEDKRYQRYGRG-
KGHQP). The GNP functionalization was done based on 
stability of GNP-peptide complex reported in literature [35]. 
All simulations were performed using GROMACS 2018 
software [36–38] and visualized using VMD 1.9.1 [39].

Fig. 1  Schematics for detection 
techniques for SARS-CoV-2. 
a RNA-based colorimetric 
detection using GNPs [14]. 
b FET-based biosensing using 
preferential binding of S protein 
to antibody functionalized Gra-
phene [15]. c S protein–based 
colorimetric detection using 
antibody [16]/peptide (present 
study) functionalized GNPs
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The peptide-coated GNP was simulated in the aqueous 
solution for proper functionalization of the GNPs. Further-
more, agglomeration of peptide-coated GNPs is studied to 
analyze the stability of the system. Finally, binding of spike 
protein with peptide-coated GNPs is observed. The sche-
matic diagram of the present study is shown in Fig. 2.

The peptide-coated GNPs and spike were energy mini-
mized individually in vacuum. The structures were solvated 
with water and ions were added to neutralize the system. 
Again, the systems were energy minimized and further simu-
lated under NVT (10 ns) and NPT (10 ns) ensemble. Dur-
ing these equilibration runs, the peptide-coated GNPs and 
spike were restrained at their position. These systems were 
further simulated without restraints for 0.5 μs at T = 300 K 
and 1 bar pressure. The pressure was coupled isotopically 
with the compressibility of 4.5 ×10−5  bar−1. Temperature 
and pressure were controlled by v-rescale thermostat and 
Parrinello-Rahman barostat with a time constant of 2 ps and 
12 ps, respectively. The reaction field method was used for 
the treatment of the long-range electrostatic interactions. All 
bonds of the proteins and peptides were constrained using 
LINCS algorithm.

The umbrella sampling simulations were performed 
to compute the binding affinity of GNPs with the spike. 
The initial configurations were generated using system 
simulated for 1.5 μs. The spike protein was slowly pulled 
from the GNP at a constant speed of 0.01 nm/ps. When-
ever the distance between the center of the mass of RBD 
and peptide changed by 0.2 nm, that configuration was 
kept for further simulations. The force constant of 1000 
kJ  mol−1  nm−2 was used to keep the spike restrained at 
its respective position. Each extracted configuration was 

simulated for 0.2 μs and was used for the potential of 
mean force calculation. The potential of mean force was 
generated using the weighted histogram analysis method 
(WHAM) [40].

Results and discussion

Stability of peptide‑coated GNPs

Functionalization of GNPs with peptides

Three different-sized nanoparticles (3, 6, and 10 nm) were 
used in this study. At first, we performed functionalization 
of GNPs with the peptide. Six peptides were attached to 
the GNP of diameter 6 nm through a thiol bond. Thiols are 
generally used for functionalizing GNPs due to the excel-
lent affinity of gold towards thiol groups [41]. The system 
was solvated, neutralized, minimized, and subsequently 
equilibrated. The equilibrated structure of peptide-coated 
GNPs in aqueous solution was analyzed. We found that 
after 0.3-μs equilibration, the peptides cover-up the GNP 
nicely as shown in Fig. 3a. Similar functionalization of 
GNP was also done with 12 peptides as shown in Fig. 3b. 
We conclude that the peptides spread across the NP sur-
face nicely resulting in not only good functionalization 
of the NP but also aid in stabilization of the nanoparti-
cles. Similar results were obtained for 3- and 10-nm GNP 
systems and results of the same are shown in Figs. S1 
and S2 respectively (please see supporting information 
section S1).

Fig. 2  Schematic representation 
of detection of spike protein 
using peptide-coated GNP. 
The images are rendered using 
VMD software
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Aggregation of peptide‑coated GNPs in aqueous solution

Nanoparticles (NPs), owing to their small size, have very 
high surface energy and tend to agglomerate in solution. 
We quantify aggregation based on agglomeration of GNPs 
at a close enough distance that would lead to colorimetric 
detection. The surface plasmon resonance shift needed for 
this strongly depends on the interparticle distance, particle 
size, and the number of coupled particles [17]. As aggrega-
tion leads to change in plasmon response, for our study, we 
want the GNPs to aggregate due to binding with the spike 
and not on their own. So, the GNPs need to be stable (no 
aggregation in the absence of spike protein) in the solution. 
Peptide in our study has negative charge and peptide-coated 
GNPs repel each other due to this charge. Therefore, func-
tionalization of GNPs with peptide can improve the stability 
of GNPs in aqueous environment. However, the stability will 
depend on whether the repulsive forces among the adjacent 
GNPs are strong enough to overcome the attractive forces 
arising from high surface energy.

The GNPs tend to aggregate in absence of any peptide 
modification (supporting information Fig. S3). When 6 pep-
tides were coated on 6-nm GNPs, the GNPs in solution still 
tend to agglomerate (Fig. 4a). This was further confirmed 

Fig. 3  Peptide functionalization study of GNPs of diameter 6 nm 
coated with a 6 peptides and b 12 peptides. Peptides spread across 
the NP surface nicely resulting in good functionalization. (Color 
scheme: yellow—GNP, red—peptide) (All simulations are done in 
aqueous solution. Water beads are not shown for clarity) 

Fig. 4  a Aggregation study 
of GNPs of diameter 6 nm 
coated with 6 peptides b 
interparticle distance variation 
of the agglomerated GNPs. 
GNPs coated with 6 peptides 
agglomerate in solution. (Color 
scheme: yellow—GNP, red—
peptide) (All simulations were 
performed in aqueous solution. 
Water beads are not shown for 
clarity) 
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by examining the interparticle distance variable of the GNPs 
(Fig. 4b). As the peptide-coated GNPs agglomerate, they 
form a cluster, and the interparticle distance between the 
GNPs that get attached to each other stabilizes.

Furthermore, we increase the coating on individual GNP 
to 12 peptides and simulate the system as shown in Fig. 5. 
The 6-nm GNPs coated with 12 peptides are found to be 
stable in aqueous solution. We can observe from Fig. 5a that 
the interparticle distance between all the GNPs in solution is 
always varying and does not stabilize; thus, the GNPs do not 
get attached to each other to agglomerate. This is further 
studied by simulating two 12 peptide-coated GNP in solution 
(Fig. 5b), which shows that there is repulsion between two 
GNPs leading to no agglomeration.

Similar study was performed for GNPs of diameter 3 
nm, where it was found that the system is stable in aque-
ous solution when the GNP is coated with 4 peptides (see 
supporting information Fig. S4). For GNP of diameter 10 
nm, at least 46 peptides are required to be coated on GNP 
for the system to be stable in aqueous solution (supporting 
information Fig. S5).

From stability analysis of peptide-coated GNPs of dif-
ferent sizes, we conclude that minimum peptide density 
required for the formation of stable GNP solution lies in the 
range of 0.11–0.15 peptides  nm−2 as summarized in Table 1. 
Peptide density obtained here can be adopted as basis for 
coating this peptide on GNPs of higher sizes (~20–30 nm) 
for experimental study.

In this section, we have discussed that GNPs can easily 
be functionalized with peptides and stability of these coated 

nanoparticles depend upon the particle size and the density 
of the coated peptides. In the next section, we will discuss 
about the interaction of the spike protein of SARS-CoV-2 
with peptide-coated GNPs.

Interaction of spike protein

Interaction between RBD spike protein and peptide‑coated 
GNP

In the previous section, we investigated the stability of 
peptide-coated GNPs in solution. In this section, we have 
investigated the binding interaction between peptide-coated 
GNP and RBD protein (RBD taken from PDB ID:6M0J 
[21]). For this, the RBD protein was placed around 2 nm 
away from the peptide-coated GNP (size 6 nm, no. of pep-
tides on a GNP = 12) and the system was simulated for 1.5 
μs as shown in Fig. 6a. From the analysis of the trajectory, 
we found that RBD interacted with the peptide directly and 
strongly bound to it.

Fig. 5  Aggregation study of 
GNPs of diameter 6 nm coated 
with 12 peptides. a 5 peptide-
coated GNPs do not agglomer-
ate as confirmed from their 
interparticle distance that keeps 
on changing. b 2 peptide-coated 
GNPs repel each other showing 
increase in their inter-particle 
distance. Twelve peptide-coated 
GNPs do not agglomerate. 
(Color scheme: yellow–GNP, 
red—peptide) (All simulations 
were performed in aqueous 
solution. Water beads are not 
shown for clarity) 

Table 1  Minimum peptide density required to stabilize GNP solution 
for different sizes of GNPs

GNP diam-
eter (nm)

Minimum no. of peptide 
required to stabilize GNP 
solution

Peptide density (no. of 
peptide per  nm2 of GNP 
surface)

3 4 0.14
6 12 0.11
10 46 0.15
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To confirm above findings, we have also performed 
umbrella sampling simulations to obtain the free energy 
of the binding interaction between RBD and peptide. The 
details of the simulations can be found in the “Materials 
and methods” section. The free energy profile is shown in 
Fig. 6b. The binding free energy of RBD-peptide coated 
GNP complex was found to be −66 kCal  mol−1. This indi-
cates strong binding between RBD protein and peptide [42, 
43]. Similar study was performed for different configura-
tions of RBD, and peptide-coated GNP, all resulted in RBD 
binding to peptide instead of directly interacting with GNP. 
From this, we conclude that the RBD prefers to bind strongly 
to the peptide coated on GNP. More details on umbrella 
sampling and free energy calculations can be found in the 
supporting information section S4. Please note, here, we 
have used GNP of 6 nm for computational ease; however, 
as shown in Table 1, bigger nanoparticle can easily be used 
as well with minimum surface peptide density.

Interaction between peptide‑coated GNP and spike protein 
in bilayer

In the previous section, we have used the RBD of spike 
protein to study the interaction between spike protein and 
peptide-coated GNP which gives a good overview of how 
peptide binds to spike protein. As per Fig. 1, the peptide-
functionalized GNPs must bind on the virus envelope. To 
mimic the real case scenario, simulation with full spike pro-
tein would be more meaningful. Hence, in this section, we 
have studied the interaction of peptide-coated GNPs with 
full-length homo-trimeric spike protein in viral membrane 
(bilayer). The atomistic structure of full spike protein in viral 
membrane was taken from Woo et al [27]. This structure 

was further coarse-grained using scripts on Martini website 
[30, 31, 44]. The RBD of spike protein in this structure is 
between residues 318 and 541 [27]. For binding analysis, 
the peptide-coated GNP was kept ~2 nm (surface to surface 
distance) away from the spike protein and the system was 
simulated in aqueous environment as shown in Fig. 7.

From Fig. 7, we observe that the spike protein binds 
to the peptides coated on the GNP. Proline residue of the 
peptide from GNP side makes first contact with phenyla-
lanine (residue 456) of spike protein. This residue belongs 
to the RBD domain of the spike protein; subsequently, 
nearby residues of RBD bind to the GNP [27]. This con-
forms to the literature findings reporting RBD interaction 

Fig. 6  a Initial and final configuration of the system simulated for 
1.5 μs. Spike protein was kept 2 nm away from the peptide coated 
GNP (D ~ 6 nm, no of peptides 12) at t=0. b Potential of mean force 
(PMF) or free energy of RBD in complex with peptide-coated GNP. 
PMF gives the free energy for unbinding of spike and d is the dis-

tance between COM of peptide-coated GNP and spike protein. (Color 
scheme: yellow—GNP, red—peptide, green—spike RBD protein, 
grey—lipids) (All simulations are done in aqueous solution. Water 
beads are not shown for clarity) 

Fig. 7  Initial and final configuration of the system simulated for 0.5 
μs. Peptide-coated GNP (D ~ 6 nm, no. of peptides=12) was kept ~2 
nm away from spike protein in bilayer. (Color scheme: yellow—GNP, 
red—peptide, blue/green/pink—three chains of spike protein, grey—
lipids) (All simulations are done in aqueous solution. Water beads 
are not shown for clarity) 
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with ACE2 receptor [20, 21] as the peptide used here is 
derived from ACE2 protein [26]. This further supports 
our proposal to use peptide-coated GNPs in biosensors for 
COVID-19 detection.

Further interaction between multiple peptide-coated 
GNPs and spikes in bilayer was investigated. First, we simu-
lated 4 peptide-coated GNPs kept at a distance from 4 spike 
in bilayer as shown in Fig. 8a. The individual spike proteins 
were kept at distance of ~25 nm from each other as found 
on the viral membrane [45]. We observe that all 4 spike 
protein binds to individual peptide-coated GNPs kept closest 
to them. Increasing the number of peptide-coated GNPs to 6 
while keeping no. of spike protein 4, we observe that three 
out of six GNPs directly bind to the spike (Fig. 8b). From 
these, we conclude that agglomeration of peptide-coated 
GNPs by binding to multiple spike protein is feasible, but 
we need to consider the repulsion between the functional-
ized GNPs as well as the attraction between these GNPs and 
spike protein.

The above study shows aggregation of GNPs in presence 
of multiple spike protein which will be associated with visual 
change in color of the GNP dispersion. Further study would 
require in vitro experimentation of entire virus or virus-
like particles (VLPs) in the peptide-coated GNP solution, 
to demonstrate the colorimetric effect. The mechanism of 
colorimetric detection is significantly different here as com-
pared to the simple dispersion or agglomeration of GNPs in 
solutions. Here, the GNPs are binding to the spike protein of 
the viral envelope due to interaction between the peptide and 
spike protein resulting in change in the separation distance 
between the NPs and that could give colorimetric detection 
[17, 18]. Our in silico study advocates for the effectiveness 
of the rationally designed peptide-coated GNPs for detec-
tion of SARS-CoV-2 and its antigen. Although antibody-
mediated detection has been demonstrated recently [16] 
by Ventura et al. at in vitro level, the current study would 
still need in vitro validation using actual virus. It may be 
noted that the above-reported study required identification 

Fig. 8  Initial and final con-
figuration of the a 4 peptide-
coated GNPs (D ~ 6 nm, no. 
of peptides on each GNP=12) 
and 4 spikes in bilayer. All 4 
of the GNPs bind to the spike. 
b Six peptide-coated GNPs and 
4 spikes in bilayer. Three out 
of 6 peptide-coated GNPs in 
the case bind to spike. GNPs 
kept at 2 nm away vertically 
from the spikes. (Color scheme: 
yellow—GNP, red—peptide, 
blue/green/pink—three chains of 
spike protein, grey—lipids) (All 
simulations are done in aqueous 
solution. Water beads are not 
shown for clarity) 
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and preparation of antibodies for specific targeting of viral 
proteins and owing to larger size of antibodies, the steric hin-
drance on functionalized GNPs could limit the viral detec-
tion. In comparison, the peptide used in our study is much 
easier to prepare and is also much smaller. Our peptide has 
played the dual role of functionalizing the GNPs and target-
ing spike protein of SARS-CoV-2 without UV activation as 
required by antibody for detection of the virus. Also, in the 
above-mentioned study [16], excess of antibody is required 
to ensure full surface coverage whereas our study provides 
a guidance to use the peptides judicially based on their sur-
face coverage and the size of GNPs. Thus, our proposed 
strategy can lead to much simpler and scalable production of 
virus-targeted GNPs and will surely guide future research-
ers to come up with more suitable colorimetric detection 
techniques using peptides and GNPs.

Conclusion

In this study, we have utilized the preferential binding of 
the spike protein of SARS-CoV-2 to the peptide screened 
from ACE2 receptor of the host cells and proposed a sim-
ple method for colorimetric detection of the virus based on 
plasmonic nature of GNPs. In particular, we have function-
alized the GNPs with our screened peptide and analyzed 
their structural stability through molecular dynamics simula-
tions. We have also determined the minimum peptide den-
sity required for GNPs of different sizes to prevent agglom-
eration. After stabilizing peptide-coated GNPs in aqueous 
solution, we have studied the interaction of spike protein 
with peptide-coated GNPs and found that the spike protein 
interacts preferentially with the peptides as proposed and, 
thus, can be utilized in biosensors. In future, the proposed 
detection strategy will be validated via in vitro experimenta-
tion using peptide-functionalized GNPs and actual SARS-
CoV-2 antigen/virus.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00894- 022- 05184-x.
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