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A B S T R A C T   

We present a fast, reliable and easy to scale-up colorimetric sensor based on gold nanoparticles (AuNPs) to detect 
the sequences coding for the RdRp, E, and S proteins of SARS-CoV-2. The optimization of the system (so-called 
“the sensor”) includes the evaluation of different sizes of nanoparticles, sequences of oligonucleotides and 
buffers. It is stable for months without any noticeable decrease in its activity, allowing the detection of SARS- 
CoV-2 sequences by the naked eye in 15 min. The efficiency and selectivity of detection, in terms of significa
tive colorimetric changes in the solution upon target recognition, are qualitatively (visually) and quantitatively 
(absorbance measurements) assessed using synthetic samples and samples derived from infected cells and pa
tients. Furthermore, an easy and affordable amplification approach is implemented to increase the system’s 
sensitivity for detecting high and medium viral loads (≥103 - 104 viral RNA copies/μl) in patient samples. The 
whole process (amplification and detection) takes 2.5 h. Due to the ease of use, stability and minimum equipment 
requirements, the proposed approach can be a valuable tool for the detection of SARS-CoV-2 at facilities with 
limited resources.   

1. Introduction 

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) was 
identified in December 2019 in Wuhan (China) as the cause of the illness 
designated COVID-19 [1], and it has rapidly spread all around the globe 
[2]. As a matter of fact, the ongoing SARS-CoV-2 pandemic is far from 
being solved, and its continuous surveillance should be maintained to 
monitor its evolution. In this scenario, the relatively low seroprevalence, 
especially in low and medium-income countries, is insufficient to pro
vide herd immunity [3]. Universal vaccination still will take a long time 

and faces the challenge of virus mutations, which can reduce or even 
prevent an adequate immunization. Therefore, fast, reliable, affordable, 
and efficient diagnostic methods for the rapid identification and isola
tion of infected patients, as well as contact tracing, are the foremost 
priorities to prevent the virus from spreading [4]. The detection of 
SARS-CoV-2 is currently done by three major procedures, where each 
one aims to detect an alternative target: i) viral RNA, ii) viral proteins 
and iii) host antibodies against the virus. The two first methods are 
suitable for detecting ongoing infections. The third approach is related 
to acquired immunity once exposed to the virus (Table S1). Based on all 
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those strategies, companies and research centers are developing diag
nostic systems worldwide. Since December 2019, more than 1.000 
molecular tests, either commercially available or in development, have 
been registered in https://www.finddx.org/covid-19/. The latest ad
vances have been reviewed in several articles, where the need for ac
curate and fast detection to prevent and control the COVID-19 spreading 
has been highlighted [5–7]. 

SARS-CoV-2 is an enveloped virus from the Coronaviridae family with 
a diameter of ~100 nm [8]. Its genome is composed of a single-stranded 
positive-sense RNA that is around 30,000 nucleotides in length and 
encodes for 27 proteins, including the four structural proteins E (enve
lope), N (nucleocapsid), M (matrix) and S (spike), and RdRp or R 
(RNA-dependent RNA polymerase) [9,10]. 

The gold-standard method for SARS-CoV-2 detection is the reverse 
transcription quantitative polymerase chain reaction (RT-qPCR) test 
performed using nasopharyngeal swabs to target a variety of specific 
RNA viral sequences [11,12]. There are different proposed workflows 
[13,14], being the one described by Drosten lab [15] the most preva
lently used in Europe [16]. The first step in their protocol consists of 
detecting all SARS-related viruses by targeting regions of the E gene, 
common for all Sarbecovirus subgenus members. If the test is positive, 
they propose detecting the R gene sequence, specific for SARS-CoV-2 
[15]. The continuous emergence of single-nucleotide polymorphisms 
and deletions that might adversely affect RT-qPCRs justifies that at least 
two genomic regions should be targeted to avoid false negatives in the 
molecular diagnosis of SARS-CoV-2. Those genetic modifications can 
also be used as indicators for the screening of particular variants of 
concern (VOC), such as Omicron, with a negative or significantly weaker 
positive S-gene result (“S-gene dropout”) in multiplex RT-PCR assays, 
with positive results for the other targets [17]. 

RT-qPCR is widely used for its high specificity and sensitivity. 
However, this technique presents some disadvantages, such as the need 
for qualified personnel, sophisticated equipment (a thermocycler with 
fluorescent readout system), and expensive qPCR reagent kits (fluores
cent probes), potentially limiting its application due to the current huge 
demand [18,19]. For these reasons, new, fast, low-cost and reliable 
point-of-care devices are needed [20]. 

To address this challenge, we have developed a colorimetric test 
based on gold nanoparticles (AuNPs) and an amplification procedure 
based on PCR. Particularly, we have optimized a sensor based on AuNPs 
to detect SARS-CoV-2 RNA by adapting an approach previously devel
oped by us [21]. The sensor is the solution containing the AuNPs func
tionalized with the capture oligonucleotide (molecular beacon-like) in 
an optimized buffer formulation for the specific detection of the target. 
For the amplification method, we have implemented a PCR procedure, 
which just requires a modified primer and a standard thermocycler, and 
is completed in 1 h, after RNA extraction. Subsequent to the amplifi
cation step, T7 exonuclease digestion of one of the amplicon’s strands 
leads to the ssDNA target for the direct and fast detection with our 
specific sensor. 

Regarding the sensor, AuNPs were synthesized following the Tur
kevich method [22] and functionalized with cholesterol-modified oli
gonucleotides via thiol-Au bonds. These oligonucleotides, similar to 
molecular beacons (MB), have a hairpin-like structure with two main 
regions: the central loop, which is complementary to the target 
sequence, and the stem that is formed by a few nucleotides at each 
terminus, which are complementary to each other and maintain the 
molecule closed in the native state in the absence of its specific target. In 
this configuration, the cholesterol moieties are buried inside the nano
structure, and the solution has a reddish color. But when the target is 
present, the oligonucleotides unfold due to the hybridization between 
the target and the loop, and the cholesterol units become exposed to the 
aqueous media. The hydrophobic nature of cholesterol molecules leads 
to a color change in the solution because of the destabilization, aggre
gation and precipitation of AuNPs (Fig. 1). 

The selectivity and sensitivity of the sensors described were tested 

both qualitatively (visually) and quantitatively (absorbance measure
ments). It is worth mentioning that, compared to other approaches 
based on AuNPs’ aggregation [23–25], in this case, only one set of 
nanoparticles is needed. Those strategies require the precise equimolar 
combination of nanoparticles containing different oligonucleotides to 
target adjacent regions of the genomic nucleic acid. Thus, minimum 
changes in the ratio of the nanoparticles or the different accessibility to 
the target domains can reduce the sensitivity of the sensor. Therefore, 
using one set of nanoparticles provides a more reliable system. In 
addition, the multiplexed detection of two or three different but specific 
targets at a time, increases not only the sensibility for each individual 
gene but the trustability of the results. Also, although sensitive and fast 
colorimetric systems have been implemented recently for COVID-19 
diagnosis, some of them require specialized knowledge or the use of 
additional ribonucleoproteins (such as CRISPR/Cas) [26,27]. 

To assess this approach and optimize the system, we tested different 
AuNP sizes (15–38 nm) and lengths of the oligonucleotide stems (4–6 
nucleotides). Particularly, the oligonucleotides were designed to detect 
the R and E genes at the central region usually amplified in currently 
used protocols based on RT-qPCR [15]. Once the system was optimized, 
we explored the detection of insertions and single-point mutations in the 
RNA coding for the spike protein. This protein is located on the surface 
of the particle and is of great interest for the detection, but also from a 
clinical and immunological point of view [28,29]. The stability of this 
type of sensors was evaluated for more than 3 months in two alternative 
storage conditions: room temperature and 4 ◦C. We could observe that 
the system’s functionality was not affected by the storage time at both 
temperatures for 15 days, being advisable its conservation at 4 ◦C for 
more extended periods. 

To improve the sensitivity of the approach, we implemented an 
amplification process based on PCR. In this case, one of the primers must 
be modified with phosphorothioate groups at its 5 ‘end. Thus, after the 
amplification, the product can be digested with an exonuclease, 
degrading only one of the two chains (the one with the non-modified 5 
‘end), leaving the complementary one intact and accessible for detection 
by the gold nanoparticle-based sensor [30]. 

In view of this, we have developed sensors to detect specific loci of 
the genome of SARS-CoV-2 that can be easily produced, handled and 
modulated to detect different regions according to the interest. 

2. Materials and methods 

2.1. Oligonucleotides design, synthesis and evaluation 

Molecular beacons were designed to directly recognized specific 

Fig. 1. Schematic representation of the sensor. Gold nanoparticles are modified 
with oligonucleotides containing a cholesterol moiety. The nanostructures are 
exposed to SARS-CoV-2 sequences, which induce the rearrangement of the 
hairpin structure of the oligonucleotides to an open structure. Thus, the 
cholesterol is exposed to the aqueous solution, causing the aggregation of the 
nanoparticles, detectable by the naked eye. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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probe sequences of E and R genes [15], the insertion region of S protein 
[31] or the mutation D614G [32]. The mfold Web Server from the RNA 
Institute, College of Arts and Sciences, State University of New York at 
Albany, [33] was used to predict their folding structures and the ther
modynamic parameters in the absence or presence of the targets in order 
to choose the best candidates. Oligonucleotides were either purchased 
from Integrated DNA Technologies (IDT, Belgium) or synthetized in a 
H8 DNA/RNA synthesizer (K&A Laborgeraete). Their purity and con
centration were determined by UV–vis spectra (λ = 260 nm) in a Cary 
5000 Spectrophotometer (Agilent Technologies). Scramble sequences 
used in the diagnosis of other human pathogenic Coronaviruses [34] 
(HKU1, NL63, 229E and OC43) or microorganisms associated with 
respiratory infections and co-infections in COVID-19 disease [35] 
(influenza virus A, influenza virus B [36], Mycoplasma pneumoniae [37] 
and Legionella pneumophila [38]) were used to challenge the selectivity 
of the system. The sequences are described in Table S2. 

2.2. Synthesis of gold nanoparticles 

AuNPs of different sizes (15–38 nm) were synthesized following the 
Turkevich method [22]. Briefly, a solution of hydrogen tetra
chloroaurate (III) hydrate (FisherScientific) in RNAse free water was 
stirred and heated to reflux. Then, a solution of sodium citrate tribasic 
dehydrate, dissolved in the same water, was added and the mixture was 
stirred for 15 min. After that time, the solution was allowed to cool down 
at room temperature and the AuNPs obtained were filtered through a 
20-40 µm glass filter plate with the help of a vacuum pump to get rid of 
large aggregates, followed by a second filtration with a PES syringe filter 
of 0.22 μM (Millipore). Depending on the size of the desired AuNPs, 
different concentrations of reagents were used with the same final vol
ume (110 mL). In the case of the 15 nm AuNPs, 4.15 mM of citrate and 
0.864 mM of gold (ratio of 4.8) were used. For 20–21 nm AnNPs, 3.62 
mM of citrate and 0.23 mM of gold (ratio of 17.7). Finally, for the 38 nm 
AuNPs, 0.4 mM of citrate and 0.23 mM of gold (ratio of 1.75). 

2.3. Characterization of gold nanoparticles 

AuNPs’ size and shape were examined by transmission electron mi
croscopy (TEM) and Atomic Force Microscopy (AFM). Gold nano
particles were visualized using a 120 KeV JEM1400 Flash (Jeol, Japan) 
at the CBMSO-CSIC. Samples were prepared by placing a glow- 
discharged carbon-shadowed formvar-coated HEX 400-mesh copper 
grid (Agar Scientific) over one drop of AuNPs for 2 min and drying the 
excess of the sample. The shape and size distributions were determined 
through an automated analysis of randomly selected TEM images’ areas 
with Image J software. For AFM visualization, freshly cleaved mica was 
pre-treated with poly-L-Lysine (PLL) (15 μL) solution 0.1% (w/v) in H2O 
(Sigma-Aldrich) via 10 min incubation at room temperature. The sur
faces were then rinsed twice with MilliQ water and dried. Once pre
pared, vortexed and diluted nanoparticles (15 μL) were absorbed into 
the substrate following a similar procedure as done with PLL. Topog
raphy images were obtained in tapping mode in air using a JPK Nano
wizard 2 microscope and HQXSC11-D (Mikromash) cantilevers 
(nominal spring constant of 42 N/m and resonance frequency of 350 
kHz). Their analysis was performed using WSxM program and its 
“flooding” tool with an N between the range of 100–1000 individual 
particles. The average and standard deviation of the particle size were 
determined using a Lorentz fitting implemented in the OriginPro soft
ware (OriginLab). 

AuNPs’ size and concentration were determined from UV–vis spectra 
in a Cary 5000 Spectrophotometer (Agilent Technologies) according to a 
described procedure [39]. The size of the nanoparticles is determined by 
the ratio of the absorbance plasmon peak to the absorbance at 450 nm 
and TEM images. Based on the diameter obtained, the concentration is 
determined by using the proper extinction coefficient at the wavelength 
of 450 nm. This is only true for spherical nanoparticles (below 38 nm). 

2.4. AuNP-based sensor preparation 

Citrate-stabilized AuNPs were functionalized with different molec
ular beacon oligonucleotides (MB) described in Table S2 through the 
formation of stable thiol-Au bonds [40,41]. 

The amount of the molecular beacon that can be conjugated to the 
nanoparticles was determined using Equation (1): 

Mol conjugated oligonucleotide = AAuNP × CAuNP × NA × D × VAuNP (1)  

where AAuNP is the surface area of the nanoparticle (4⋅π⋅r2), CAuNP is the 
molar concentration of AuNP in solution, D is the maximum oligonu
cleotide density on each particle (3.5 × 10− 7 mol/m2) [42] and V is the 
volume of AuNPs in L. 

According to this, AuNP of 15 nm at 15 nM can be functionalized 
with 2.23 pmol MB/μL of AuNP. The concentration of nanoparticles of 
different sizes was established in agreement with the concentration of 
MB mentioned before. However, the amount of MB added was twice the 
calculated (4.46 pmol MB/μL) to ensure that AuNP are covered with the 
maximum number of oligonucleotides. 

Before proceeding with the functionalization, the MB were treated 
for 1 h at RT with a 100 times excess of tris(2-carboxyethyl) phosphine 
hydrochloride (TCEP) to remove the protecting groups of the thiol 
moieties [43]. Then, they were added to AuNP solution, vortexed, and 
shaken for 20 min for 15 nm AuNP or during 1 h for bigger particles (24 
and 38 nm AuNPs). Then, NaCl 5 M was added every 30 min in 5 steps to 
get a final concentration in the solution of 0.3 M. The NaCl was mixed by 
quick vortexing. The AuNP were incubated overnight in darkness under 
shaking at RT. After that, they were washed by two cycles of centrifu
gation and redispersed in water. To determine the loading of oligonu
cleotides onto the nanoparticles, the absorbance of the supernatants was 
quantified (λ = 260 nm) with the Synergy H4 microplate reader, and the 
value was extrapolated from the corresponding calibration curve 
(Table S3). 

Different modified nanoparticles were produced containing one, two 
or three MB in the same nanostructure. Particularly, the sensors (AuNPs 
+ MB) containing one MB were: E, R, S Ins, D614, G614. In the case of 
two MB the sensors were: E + R, E + S Ins, R + S Ins. For the preparation 
of this multifunctional nanoparticle, 2.23 pmol of each MB per μL of 
AuNP were added. The sensor combining three MB was E + R + S Ins, 
and in this case, the 1.49 pmol of each MB were added per μL of AuNP. 

2.5. Colorimetric detection experiments 

For the regular detection experiments (short targets), a solution 
containing (in order of addition) phosphate buffer solution (PBS) 1X 
(100 μL), NaCl 5 M (5 μL), the testing sample (5 μL) at the required 
concentration and functionalized AuNP (50 μL) was prepared for each 
replicate (final volume of 160 μl) in 1.5 mL tubes (LabCon, USA). For the 
detection of longer targets (RT-PCR experiments), the NaCl concentra
tion in the mix was raised either to 0.6 M or 1.2 M. 

To evaluate the functionality of the sensor, qualitative (photographs) 
and quantitative (absorbance measurements) studies were done at 
different times (from 15 min to 24 h). Two precipitation procedures 
(gravity or mild centrifugation at 5000 rpm/1–3 min) were studied. For 
the visual readout of the sensor, photographs of the tubes placed against 
a white background were taken. For the quantitative determination, part 
of the mix was removed slowly (70 μL) from the upper part of the tube 
and the UV–Vis spectra was recorded in a Synergy H4 microplate reader 
(Biotek) from λ = 400 nm to λ = 650 nm in 3 nm steps. Then, the 
maximum absorbance peaks were used for the calculation of the % 
absorbance, being the control sample (without target) considered 100% 
of the absorbance signal. The relative absorbance (%) was calculated 
according to Equation (2): 

% ​ Absorbance =
Sample absorbance
Control absorbance

x100 (2) 
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Also, additional characterization by TEM, UV and DLS of bare and 
functionalized AuNPs with or w/o 250 nM of the target has been per
formed. TEM and UV determinations were performed as previously 
described. The size of the particles (sensors) using 10 μl of the sample 
after 1 h of reaction was evaluated using DLS in a Zetasizer Nano-ZS 
device (Malvern Instruments). 

2.6. Sensor stability evaluation 

21 nM AuNP functionalized with 4.46 pmol of MB R (stem 5)/μL 
AuNPs as previously described were stored under two different condi
tions: RT and 4 ◦C. To evaluate the stability of the system, detection 
experiments after 1 h in the presence of 250 nM RNA short targets R 
(specific), E (nonspecific) or non-target (H2O) in the course of several 
days/months. The samples’ absorbance was measured by UV–Vis 
spectra in a Synergy H4 microplate reader (Biotek) from λ = 400 nm to λ 
= 650 nm in 3 nm steps. 

2.7. Modified RT-PCR detection experiments 

Total RNA extracted from infected MAD6 cell cultures (kindly pro
vided by Drs. Isabel Sola and Sonia Zúñiga) or patient samples were 
amplified by RT-PCR using the SuperScript™ III One-Step RT-PCR Sys
tem with Platinum™ Taq DNA Polymerase (Invitrogen). Briefly, several 
individual reactions (50 μL each) were prepared according to the man
ufacturer’s instructions with the following modifications: total RNA (20 
ng) as template, 1 μM forward primer (the first 6 nucleotides at the 5′

end contain phosphorothioate bond modifications), 1.2 μM reverse 
primer (Table S4), and 2 mM MgSO4. The cycling parameters were 
adjusted to the specific amplified region and are summarized in 
Table S4. Amplified RT-PCR products for the same target region were 
pooled together and loaded in a 3% agarose gel to check the success of 
the reaction. dsDNA products were treated with 0.4 U of T7 exonuclease 
(New England Biolabs; Cat. Nº M0263L) per μL of RT-PCR reaction 
during 45 min at 37 ◦C followed by 10 min at 80 ◦C to digest the un
protected (non-phosphorothioated) strand. Finally, when needed, 
ssDNA was purified employing Monarch PCR & Cleanup Kit (New En
gland Biolabs; Cat. Nº #T1030). The purified ssDNA product was 
resuspended in PCR-grade water and used as target in detection exper
iments as described previously. 

3. Results and discussion 

3.1. Sensor assembly 

The biosensor based on functionalized gold nanoparticles for SARS- 
CoV-2 RNA detection was designed, synthesized, characterized and 
systematically evaluated in terms of stability, specificity, sensitivity and 
functionality in detection experiments using synthetic DNA and RNA 
molecules, total RNA obtained from infected cell cultures, and patients 
samples. 

The oligonucleotides employed contain two different domains. The 
central one is complementary to the selected target regions of interest in 
the SARS-CoV-2 genome [15,31,44]. This domain is flanked by a few 
nucleotides (4–6) that stabilize the formation of a hairpin structure 
(Table S2). According to the theoretical results obtained by mfold Web 
Server [33], our oligonucleotides are stable in the working conditions of 
the detection experiments and will selectively recognize the target se
quences. These oligonucleotides contain a sulfur and a cholesterol de
rivative at each end. The first modification is required to conjugate the 
oligonucleotides to the nanoparticles, whereas the hydrophobic mole
cule is needed to modulate the aggregation of the nanostructures. On the 
other hand, we obtained AuNPs of different diameters (from 15 to 38 
nm) synthesized following the Turkevich method with modifications 
[19]. Their characterization by UV-spectra, TEM and AFM confirmed 
that we obtained colloidal dispersions of spherical gold nanoparticles of 

the desired sizes by adjusting the HAuCl4: citrate ratio (Figure S1). The 
functionalization of AuNPs with the designed molecular beacons led to 
stable colloidal dispersions of nanoparticles. The final loading of the MB 
was determined for each AuNP size, and is summarized in Table S3. 

3.2. MB stem length 

The performance of the MB in terms of time response and specificity 
depends not only on the sequence design, but on its thermodynamic 
behavior. One parameter that determines the stability and kinetics of the 
molecule is the beacons’ stem length. To test that, we prepared different 
versions of the MB using the same loop but varying the nucleotide length 
at the stem (4, 5 or 6 nt). The functionalization of 21 nm AuNPs with the 
different stem versions of the MBs E and R, alone or in combination, 
revealed that all sensors could recognize the DNA target sequence 
selectively (Fig. 2 and Figure S2). In terms of sensitivity, all the MB 
successfully detect the DNA target at 50 nM during the first hour. The 
stem of 5 nucleotides led to the fastest sensors detecting the targets [50 
nM target induces a decrease in the absorbance in 2 h of 65.9% (E), 
66.8% (R) and 40.1% (ER)] (Fig. 2). The 6 nt stem time-response is 
similar but less efficient when a single target is detected, and worst for 
the ER combination [33.5% (E), 44.5% (R) and 2.5% (ER) in the same 
conditions]. Surprisingly, the shortest stem (4 nucleotides) led to the 
slowest detection sensor [5.1% (E), 40.4% (R) and 0.1% (ER) in the same 
conditions], although the contrary was expected based on previous data 
on theoretical and experimental hybridization assays (Figure S2). Thus, 
based on these results, the stem with 5 nucleotides was selected for the 
following experiments. 

3.3. AuNP’s size optimization 

Next, we analyzed the influence of AuNP’s size in the detection 
performance of the system using DNA target sequences of R and E 
(Figure S3). We observed that the sensors based on the biggest nano
particle (38 nm) were less sensitive and more unstable than the sensors 
prepared with AuNPs of 21 nm. On the contrary, 15 nm AuNP were 
much more stable, but also required longer times for the detection. To 
confirm these results, several batches of AuNPs between 20 and 25 nm 
were prepared and tested, confirming that their stability and sensitivity 
were optimum for our purposes (Figure S4). Therefore, AuNP of this 
range of size were chosen for the detection of these sequences instead of 
smaller AuNP (slow detection) and the bigger AuNP (unstable and less 
sensitive at low target concentrations). 

Then, we confirmed that our system could also be used for the 
detection of RNA sequences (Table S2). Particularly, when ssRNA se
quences were used, similar results were obtained in terms of sensitivity, 
selectivity and detection speed (Figure S5). 

3.4. Sensor selectivity 

We also assessed the selectivity of the system since the presence of 
other respiratory pathogens (e.g., viruses, bacteria or fungi) in COVID- 
19 suspected patients might interfere with the proper diagnosis, treat
ment and prognosis [35,45,46]. From a detection point of view, the 
presence of those microorganisms, concomitant or not to SARS-CoV-2 in 
the samples, could affect or even impair the specific detection of the 
target virus. Thus, we evaluated if our systems present cross-reactivity 
with other genomic sequences among the most common pathogens 
that might be present in COVID-19 and non- COVID-19 patients. 
Particularly, representative sequences of the pathogenic HCoVs HKU1, 
NL63, 229E and OC43 [34], Influenza virus A, Influenza virus B [36], 
Mycoplasma pneumoniae [37] and Legionella pneumophila [38], were 
added to our sensors in the presence of the SARS-CoV-2 R and/or E 
target sequences (Fig. 3). Remarkably, only when the specific SARS 
target was present in the mixture, we observed the expected AuNP ag
gregation, confirming the high selectivity of the biosensors. 
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3.5. Sensor sensitivity 

After these studies, we evaluated the detection limit using RNA se
quences at different concentrations (1 nM–100 nM) (Fig. 4 and 
Figure S6). The system can detect the target sequences at low nano
molar, particularly the E sequence at 10 nM after 2 h, and the R at 20 nM 
after 4 h. Remarkably, when the system combined two sequences related 
to SARS-CoV-2 (E + R) the sensitivity was better (500 pM of each target, 
after 6 h), suggesting a cooperative effect in the functionality of the 

sensor. This can be exploited for the future design of sensors to improve 
their sensitivity and for the detection of multiple sequences. 

3.6. Sensor kinetics 

To optimize the detection time, we test our sensor (R) in the presence 
of different concentrations of the synthetic target R (Figure S7). After 15 
min of incubation, samples were centrifuged at 5.000 rpm during 2–3 
min. After that, the absorbance of the supernatant was measured. 

Fig. 2. Optimization of the MBs for the detection of target DNA sequences mimicking the E and R SARS-CoV-2 specific gene regions. AuNPs of 21 nm functionalized 
with the MBs E and R (alone or in combination) containing the 5 nt stem were tested using different concentrations of target (0 for the negative control, 50, 100 and 
250 nM from left to right in the graphs). Data are presented as mean ± SD (n = 3) in terms of relative absorbance (%) vs negative control. Statistical analysis was 
performed using one-way ANOVA with Tukey’s test (pairwise comparison). Signif. Codes: 0 ‘***’ 0.001 ‘**’ 0.01 ‘*’ 0.05 ‘.’ 0.1 ‘‘1. 

Fig. 3. Gold Nanoparticles based sensors’ selectivity 
for the detection of R and/or E RNA mimicking SARS- 
CoV-2 targets in the presence of other pathogens DNA 
sequences (Scramble). AuNPs of 23 nm were func
tionalized with MB E and/or R and tested using 250 
nM target (final concentration independently if they 
are alone or in combination). Data are presented as 
mean ± SD (n = 3) in terms of relative absorbance 
(%) vs negative (NT) control. Statistical analysis was 
performed using one-way ANOVA with Tukey’s test 
(pairwise comparison). Signif. codes: 0 ’***’ 0.001 
’**’ 0.01 ’*’ 0.05 ’.’ 0.1 ’ ’ 1. (For interpretation of 
the references to color in this figure legend, the 
reader is referred to the Web version of this article.)   

Fig. 4. Gold Nanoparticles based sensors’ detection limit. Titration experiments using targets R and/or E RNA mimicking SARS-CoV-2. AuNPs of 21 nm func
tionalized with the MBs E and R (alone or in combination) containing the 5 nt stem were tested using different concentrations of target (0 for the negative control, 1, 
10 and 20 nM from left to right in the graphs). Data are presented as mean ± SD (n = 3) in terms of relative absorbance (%) vs negative control. Statistical analysis 
was performed using one-way ANOVA with Tukey’s test (pairwise comparison). Signif. Codes: 0 ‚***’ 0.001 ‚**’ 0.01 ‚*’ 0.05 ‚.’ 0.1 ‚ ‚ 1. (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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Results show that low-speed centrifugation (either in a centrifuge or 
spinner) accelerates the sedimentation process, yielding reliable and 
statistically significant results in minutes vs hours (when only gravity is 
involved). 

3.7. Sensor stability 

Then, we studied the sensor’s activity overtime to ensure that the 
sensors could be produced and stored for months without losing their 
properties. Thus, the effect of the temperature during the storage for the 
R sensor (5 nt stem) to achieve a specific and sensitive detection of the R 
(RNA) target at 250 nM after 1 h was evaluated. In this case, absorbance 
measurements using the same sensor preparations but stored at different 
temperatures (RT or 4 ◦C) were carried out. The results showed that the 
system’s functionality was not affected by the storage time at both 
temperatures during the first 15 days, being advisable its conservation at 
4 ◦C for longer periods, such as 3 months (Figure S8). 

3.8. Sensor biophysical characterization 

Additionally to the above-mentioned results, a more biophysical 
characterization of the sensor’s molecular behavior has been carried out. 
Specifically, UV visible spectra, TEM imaging and DLS data before and 
after 1 h in the presence of 250 nM RNA synthetic target R is reported 
(Figure S9). Nanoparticles aggregation is clearly shown as a decrease in 
the absorbance at ~520 nm of the solution in the presence of 250 nM 
synthetic target, relative to the control without target (Figure S9A). 
Electron microscopy images clearly show how the nanoparticles are well 
dispersed when no target is present, and the cholesterol is hidden, while 
aggregates and precipitates in its presence, when cholesterol moiety is 
exposed to the aqueous media (Figure S9B). The structural changes at 
the nanoparticle surface are also evident in the DLS data, where the 
average size of the nanoparticles (i.e., their hydrodynamic radius) in
creases in the positive samples (~70 nm) compared to the negative 
control (~50 nm, Figure S9C). This size change could be due to the 
opening of the MBs upon target binding. The detection of bigger ag
gregates (as can be seen in TEM images) is not observed in any case, 
probably due to de resolution limitations of the DLS in the micrometric 
range. Altogether, the determinations suggest that the interaction be
tween the loop and the target, followed by the cholesterol moiety 
exposure in the sensor’s surface, is the molecular force driving the ag
gregation process. 

3.9. Single point mutations detection 

Once we confirm that our system is robust enough to ensure its future 
industrialization, we decided to assess its use to detect relevant muta
tions. Thus, we evaluated the sequence encoding for the spike protein, 

which is located on the surface of the virus particle and is of great in
terest from a clinical, epidemiological and immunological point of view. 
The spike protein is the ligand interacting with the cellular receptor 
ACE2, promoting entry in the cells and the virus spread through the 
body [47,48]. Also, the spike protein constitutes an essential antigen for 
the immune system recognition and activation [49,50], and specific 
mutations seem to play a crucial role in the patient outcome [44], 
reinfection [51] or vaccination efficacy [52–55]. We selected as targets 
the insertion region (680SPRRAR↓SV687) and the mutation D614G. 
This last mutation is related to enhanced infectivity and stability of the 
virions, and has been one of the dominant forms [28,44]. Therefore, 
complementary MB loop sequences for this insertion (S Ins) or the 
D614G mutation were prepared and tested in detection experiments 
against DNA targets mimicking those genomic locations in the virus 
sequence. The results confirm the functionality of the sensor S Ins, 
similarly to E and R in previous experiments, responding at 50 nM DNA 
target concentration in 1 h and even at 1 nM after 24 h (Fig. 5 and 
Figure S10). What is more, our sensors were able to discriminate a single 
mismatch in the target sequence (D614G > gat to ggt), where the G614 
sensor presented greater sensitivity and velocity than that of D614 
(Figure S10). 

We also assessed the sensors using RNA molecules, revealing a 
behavior similar to the one observed with DNA derivatives. Precisely, 
the sensors designed to detect the insertion or the G614 mutation were 
able to detect their corresponding target sequences at 50 nM after 1–2 h. 
On the other hand, the sensor D614 was less efficient, and the detection 
was achieved after 24 h at 100 nM. (Figure S11 and data not shown). 

3.10. Multiplexed detection 

We also evaluated the sensing capabilities of the system in a multi
plexing approach as performed above, but including the spike. Partic
ularly, the insertion region of the spike (S) and the E and R genes 
(Figure S12). Remarkably, the combined detection of E or R with S led to 
a higher reduction of the absorbance after 2 h, 73.5% and 83.8%, 
respectively. The detection of the three sequences also provided an 
excellent reduction of absorbance over this period (77.9%). Interest
ingly, this multiplexed approach increases the specificity of the sensor, 
which is required for proper diagnosis, and also the sensitivity. How
ever, when this approach was evaluated using RNA sequences, the 
sensitivity was less pronounced. In this case, the reduction in absorbance 
after 2 h at 50 nM of RNA for the combined detection of E + S, R + S and 
E + R + S, was 33.3, 26.6 and 31.3%, respectively (Figure S13). Based on 
these results, we believe that the secondary structure formed by the RNA 
molecules might be preventing the efficient interaction with the oligo
nucleotides on the AuNPs, reducing their sensing capabilities. Thus, our 
system might be more suitable for the detection of DNA molecules 
instead of RNA. For these reasons, we explored procedures to transform 

Fig. 5. Gold Nanoparticles based sensors’ functionality targeting the insertion region in S gene (S Ins) or the S mutation D614G. For the detection, DNA mimics of the 
different S regions were prepared and confronted to the complementary loops included in MB S Ins, G614 or D614 used to functionalize 23 nm AuNPs. Data are 
presented as mean ± SD (n = 3) in terms of relative absorbance (%) vs negative control. The concentration of targets used (from left to right) were 0, 50 nM, 100 and 
250 nM (for S Ins) or 0, 25, 50 and 100 nM (for G614 in blue and D614 in brown). Statistical analysis was performed using one-way ANOVA Tukey’s test (pairwise 
comparison). Signif. Codes: 0 ‚***’ 0.001 ‚**’ 0.01 ‚*’ 0.05 ‚.’ 0.1 ‚ ‚ 1. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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the viral RNA into DNA to ease its detection, such as a modification of 
the standard PCR procedure described below. 

3.11. Detection of the virus from infected samples 

According to the existing data, the SARS-CoV-2 viral loads in the 
throat swab peaked at around 5–6 days after symptom onset, ranging 
from around 104 to 107 copies per mL during this time [56]. Our sensor 
lowest detection limit in the best formulations (E + R) using short RNA 
targets (24 nt R or 26 nt E) has been 1 nM (0.5 nM each), which rep
resents around 7.8–9.6 × 107 virus copies per mL. Thus, our sensor could 
be used to detect the virus directly in samples with high loads, but not 
with samples from patients with low virus titers. Also, the wingspan of 
the viral RNA and their structural complexity might decrease the 
sensitivity by mediating a stabilization effect, probably due to the mo
lecular crowding effect exerted by the huge genome molecule 
non-interacting with the MB loop. For those reasons, we decided to 
couple a modified PCR-based amplification after the required tran
scription of the RNA into DNA. The method provides short 
single-stranded amplicons after exonuclease digestion of the products, 
which can be used in the detection experiments. 

3.12. Clinical samples testing optimization 

For these experiments, we used RNA samples obtained from SARS- 
CoV-2 infected cells or COVID-19 nasopharyngeal patient samples 
with different viral loads. The clinical samples were provided by the 
Hospital Ramón y Cajal (Madrid, Spain) and Ct values from clinical 
samples were determined by RT-qPCR following the Thermo Fisher 
TaqPath COVID-19 protocol. The inclusion of the swabs in trans
portation buffer containing guanidine isothiocyanate makes RNA 
cleaning unavoidable in this particular case, due to the interference of 
denaturing agents with the subsequent enzymatic amplification process. 
The PCR conditions were finely tuned to avoid false positives (even 
when clinical samples contain other human pathogenic Coronaviruses) 
while keeping the direct correlation between the viral load in the sam
ples and the amplicon performance (Figure S14). Particularly we 
adjusted: (1) RT-PCR primers design to produce short amplicons with an 
unprotected strand substrate for exonuclease digestion, (2) primer 
concentration, (3) cycling parameters, (4) Exonuclease digestion 
directly in the amplification buffer (5) NaCl concentration in the 
detection mix, (6) target sample volume (7) MB loop length. This opti
mization provides us with a method that can be used to detect the virus 
from patient samples accounting for different viral loads and without the 
need for amplicon purification. Based on these experiments, the optimal 
conditions were (1) amplicons of around 70bp or less, using (2) 1 μM and 
1.2 μM of Forward (phosphorothioated) and Reverse primers, respec
tively, in a (3) 32 cycles PCR reaction (~1 h) (4) directly treated with T7 
exonuclease and (5) 1.2 M (purified amplicon) (Figures S15-S17) or 0.6 
M NaCl (non-purified amplicon) in the sensor mix, using (6) 15 μL 
directly from the crude digested reaction and (7) an extended MB loop of 
25 nt (Figures S18-S19). 

3.13. Validation of the detection method using SARS-CoV-2 infected 
samples and patient samples 

During the optimization phase, we found that amplicons of around 
70 bp were recognizable by our sensor, promoting a successfully specific 
hybridization followed by the desired aggregation of the nanoparticles. 
To improve the simplicity, sensitivity and kinetics of the detection re
actions, the increase of the NaCl concentration in the solution, the 
extension of the loop size in the MB and the volume of crude reactions 
were important aspects. To optimize the NaCl concentration, we first 
prepared and purified short single-stranded amplicons of the key gene 
regions R (74 bp), E (74 bp) and S (72 bp). The source for its production 
was the total RNA extracted from SARS-CoV-2 infected cells (containing 

the G614 mutation). Remarkably, in all cases, our system was able to 
detect the purified amplicons in a specific way with a sensitivity of 50 
nM (E74), 100 nM (R74) or 250 nM (S72), once NaCl was adjusted to a 
final concentration of 1.2 M (Fig. 6 and Figures S15-S17). In all exper
iments, a 72 bp GFP gene-derived fragment was used as control, which 
did not produce any significant aggregation. The sensor with the best 
performance was the E, followed by the S and the R. The differences 
observed might be due to the different amplicon sequences obtained and 
their secondary structure. Based on these results, we decided to focus 
our efforts on the detection of the S gene, which is crucial for the 
identification of multiple variants of the virus, and our system could 
detect it in a few hours. 

Afterward, we applied the procedure to purified ssDNA amplicons 
obtained directly from COVID-19 infected and non-infected patients 
(Figure S19), confirming the feasibility of the method for direct deter
mination of SARS-CoV-2 infections. Preliminary results indicate that 
purified amplicons, reacting during 20 min with our sensor, could be 
then centrifuged (5.000 rpm/2 min/RT), speeding up the detection 
process from hours to minutes (Figure S20). 

Then, once we confirmed that the approach could be used to detect 
the virus in patient samples, we optimized several parameters to in
crease usability. Specifically, we established the optimum volume of 
digested amplicon crude reaction (~10–15 μl) and, due to the contri
bution of salts coming from the sample, 0.6 M NaCl was used in the 
sensor mix to avoid nonspecific sensor aggregation. In those conditions, 
we were capable of detecting the SARS-CoV-2 at different viral loads 
(Fig. 7 and Figure S21), demonstrating the potential use of our system as 
a reliable and easy-to-implement detection method for SARS-CoV-2 in
fections in patients with possibilities to infect others (Cts <30). This 
system can be easily extrapolated to target any genomic region in SARS- 
CoV-2 genome, as we demonstrate, for example, with the E gene 
(Figure S21), highlighting the potential and robustness of the approach 
for the specific detection of nucleic acids with diagnostic purposes. 

4. Conclusion 

We have prepared colorimetric biosensors for the selective detection 
of sequences of SARS-CoV-2 based on gold nanoparticles. The evaluation 
of the influence of the stem’s length of the molecular beacon as well as 
the size of AuNP, lead us to establish the best formulation for the 
detection of individual targets for E and R, but also for their combina
tion. To expand the scope of action, we also designed a sensor to target 
the insertion region of Spike (S Ins), which works even better in terms of 
sensitivity than the previous formulations E and R. Surprisingly, E + R, 
E + S, R + S and E + R + S worked better than their individual options, 
so the possibility of targeting a wide variety of regions simultaneously 
could be further explored. Lastly, promising results were obtained for 
the detection of the single point mutation in D614G, suggesting that the 
system could be adjusted for the identification of different strains of this 
virus. 

To use these sensors in clinical samples, a modified PCR procedure 
was implemented. Our approach was able to detect the presence of the 
virus in patients with different loads. The procedure is easy to imple
ment, requiring a standard thermocycler and the sensor optimized 
herein to assess the presence of the viral genome in samples from 
patients. 
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mutation detection in RNA extracts using gold nanoparticles modified with 
hydrophobic molecular beacon-like structures, Chem. Commun. 50 (23) (2014) 
3018, https://doi.org/10.1039/c3cc47862a. 

[22] D. Ghosh, D. Sarkar, A. Girigoswami, N. Chattopadhyay, A fully standardized 
method of synthesis of gold nanoparticles of desired dimension in the range 15 nm- 
60 nm, J. Nanosci. Nanotechnol. 11 (2) (2011) 1141–1146, https://doi.org/ 
10.1166/jnn.2011.3090. 

[23] L. Ma, L. Yin, X. Li, S. Chen, L. Peng, G. Liu, S. Ye, W. Zhang, S. Man, A smartphone- 
based visual biosensor for CRISPR-Cas powered SARS-CoV-2 diagnostics, Biosens. 
Bioelectron. 195 (2022) 113646, https://doi.org/10.1016/j.bios.2021.113646. 

[24] M. Alafeef, P. Moitra, K. Dighe, D. Pan, RNA-extraction-free nano-amplified 
colorimetric test for point-of-care clinical diagnosis of COVID-19, Nat. Protoc. 16 
(6) (2021) 3141–3162, https://doi.org/10.1038/s41596-021-00546-w. 

[25] Y. Cao, J. Wu, B. Pang, H. Zhang, X.C. Le, CRISPR/Cas12a-mediated gold 
nanoparticle aggregation for colorimetric detection of SARS-CoV-2, Chem. 
Commun. 57 (56) (2021) 6871–6874, https://doi.org/10.1039/d1cc02546e. 

[26] Y. Gao, Y. Han, C. Wang, L. Qiang, J. Gao, Y. Wang, H. Liu, L. Han, Y. Zhang, Rapid 
and sensitive triple-mode detection of causative SARS-CoV-2 virus specific genes 
through interaction between genes and nanoparticles, Anal. Chim. Acta 1154 
(2021) 338330, https://doi.org/10.1016/j.aca.2021.338330. 

[27] W.S. Zhang, J. Pan, F. Li, M. Zhu, M. Xu, H. Zhu, Y. Yu, G. Su, Reverse transcription 
recombinase polymerase amplification coupled with CRISPR-Cas12a for facile and 
highly sensitive colorimetric SARS-CoV-2 detection, Anal. Chem. 93 (8) (2021) 
4126–4133, https://doi.org/10.1021/acs.analchem.1c00013. 

[28] J.A. Plante, Y. Liu, J. Liu, H. Xia, B.A. Johnson, K.G. Lokugamage, X. Zhang, A. 
E. Muruato, J. Zou, C.R. Fontes-Garfias, D. Mirchandani, D. Scharton, J.P. Bilello, 
Z. Ku, Z. An, B. Kalveram, A.N. Freiberg, V.D. Menachery, X. Xie, K.S. Plante, S. 
C. Weaver, P.Y. Shi, Spike mutation D614G alters SARS-CoV-2 fitness, Nature 592 
(2021) 116–121, https://doi.org/10.1038/s41586-020-2895-3. 

[29] Y. Guo, L. Huang, G. Zhang, Y. Yao, H. Zhou, S. Shen, B. Shen, B. Li, X. Li, 
Q. Zhang, M. Chen, D. Chen, J. Wu, D. Fu, X. Zeng, M. Feng, C. Pi, Y. Wang, 
X. Zhou, M. Lu, Y. Li, Y. Fang, Y.Y. Lu, X. Hu, S. Wang, W. Zhang, G. Gao, F. Adrian, 
Q. Wang, F. Yu, Y. Peng, A.G. Gabibov, J. Min, Y. Wang, H. Huang, A. Stepanov, 
W. Zhang, Y. Cai, J. Liu, Z. Yuan, C. Zhang, Z. Lou, F. Deng, H. Zhang, C. Shan, 

L. Schweizer, K. Sun, Z. Rao, A SARS-CoV-2 neutralizing antibody with extensive 
Spike binding coverage and modified for optimal therapeutic outcomes, Nat. 
Commun. 12 (1) (2021), https://doi.org/10.1038/s41467-021-22926-2 article 
number 2623. 

[30] T.T. Nikiforov, R.B. Rendle, M.L. Kotewicz, Y.H. Rogers, The use of 
phosphorothioate primers and exonuclease hydrolysis for the preparation of single- 
stranded PCR products and their detection by solid-phase hybridization, PCR 
Methods Appl. 3 (5) (1994) 285–291, https://doi.org/10.1101/gr.3.5.285. 

[31] B. Coutard, C. Valle, X. de Lamballerie, B. Canard, N.G. Seidah, E. Decroly, The 
spike glycoprotein of the new coronavirus 2019-nCoV contains a furin-like 
cleavage site absent in CoV of the same clade, Antivir. Res. 176 (2020) 104742, 
https://doi.org/10.1016/j.antiviral.2020.104742. 

[32] M. Becerra-Flores, T. Cardozo, SARS-CoV-2 viral spike G614 mutation exhibits 
higher case fatality rate, Int. J. Clin. Pract. 74 (8) (2020), e13525, https://doi.org/ 
10.1111/ijcp.13525. 

[33] M. Zuker, Mfold web server for nucleic acid folding and hybridization prediction, 
Nucleic Acids Res. 31 (13) (2003) 3406–3415, https://doi.org/10.1093/nar/ 
gkg595. 

[34] F. Canducci, M. Debiaggi, M. Sampaolo, M.C. Marinozzi, S. Berrè, C. Terulla, 
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