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1. Introduction

Coronavirus disease 2019 (COVID-19) 
caused by SARS-CoV-2 coronavirus has 
rapidly spread all over the world resulting 
in a global pandemic, counting with 
more than 613 million SARS-CoV-2-in-
fected confirmed cases and more than 
6 500 000 reported deaths worldwide until 
September 2022.[1] The main symptoms 
caused by this positive-stranded RNA 
virus are similar to acute respiratory infec-
tion, like cough, fever, loss of taste and 
smell and difficulty breathing. The most 
exposed population are elderly people, 
adolescents, infants, and people with the 
compromized immune system.[2] The 
high capacity of dissemination of the virus 
requires to identify the presence of SARS-
CoV-2 in an accurate and rapid way. This 
is desirable not only for the identification 

The COVID-19 pandemic, which began in 2019, has highlighted the impor-
tance of testing and tracking infected individuals as a means of mitigating the 
spread of the virus. In this context, the development of sensitive and rapid 
methods for the detection of SARS-CoV-2, the virus responsible for COVID-19, 
is crucial. Here, a biosensor based on oligonucleotide-gated nanomaterials for 
the specific detection of SARS-CoV-2 spike protein is presented. The sensing 
system consists of a nanoporous anodic alumina disk loaded with the fluores-
cent indicator rhodamine B and capped with a DNA aptamer that selectively 
binds the SARS-CoV-2 spike protein. The system is initially evaluated using 
pseudotype virus systems based on vesicular stomatitis virus carrying dif-
ferent SARS-CoV-2 S-proteins on their surface. When the pseudotype virus is 
present, the cap of the solid is selectively removed, triggering the release of 
the dye from the pore voids to the medium. The nanodevice demonstrated its 
ability to detect pseudotype virus concentrations as low as 7.5·103 PFU mL. In 
addition, the nanodevice is tested on nasopharyngeal samples from individ-
uals suspected of having COVID-19.
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of infected patients but also for the detection of asymptomatic 
and presymptomatic people.[3,4] To manage with this global con-
cern, it is necessary to provide the society with a wide collec-
tion of different systems that could afford the massive demand 
of tests releasing the appropriate information. Given the global 
impact of COVID-19, there is a need for the development of 
highly accurate approaches for the rapid identification of bio-
markers of SARS-CoV-2 infection in patient samples, including 
ribonucleic acid (RNA), antigens, antibodies, or directly the 
whole virus.

The real-time quantitative reverse transcription polymerase 
chain reaction (RT-qPCR) is currently the standard test to detect 
this virus. This approach often requires laboratory facilities, 
trained personnel, expensive instrumentation, and the assay 
takes hours to provide a result. In addition, RT-qPCR is not 
always available in underdeveloped and developing countries 
where the vast population lives in the backcountry.[5] Besides, 
considering the increasing infection rate, PCR methods are not 
sufficient to cover the current testing demand. Another com-
monly used approach is serological testing, which is not rec-
ommended when the viral load is very low, for example in the 
early stages of the infection, since the serological antibodies 
will not be present until a couple of weeks after the initial viral 
infection.[6] In contrast, antigen detection systems, which rely 
on the identification of a specific immunogenic component of 
a pathogen, typically a polysaccharide molecule or a protein, as 
a means of detecting the presence of the pathogen, have gained 
general approval thanks to their detection speed, simplicity, 
low cost, and accuracy. The drawback of the technique is that 
current sensitivity levels are still poor leading to a high vari-
ability and low performance depending on the manufactured 
brand. Antigen detection systems are usually used as screening 
tests for example in large groups or as a previous exploratory 
test before the realization of a more accurate molecular and/or 
serologic assay.[7] Based on the above, it can be concluded that 
there is still room to develop a test that combines the sensitivity 
and accuracy of the PCR methods and the low-priced and rapid 
antigen detection procedures in order to deal with the spread of 
the virus and control potential new outbreaks.[8,9]

Recently, biosensors targeting pathogens or infection bio-
markers based on nanotechnology have become more and more 
popular owing to their capacity to supply accurate, sensitive, 
and reliable results, revolutionizing the healthcare industry. 
Multiple reported designs have demonstrated that it is possible 
to obtain numerous benefits from the combination of the use-
fulness and versatility of nanomaterials with the recognition 
properties of sensitive and highly selective biomolecules.[10] On 
this point, some new approaches have been extensively applied 
in the development of sensing systems with a huge variety of 
applications, which enhanced the sensitivity of already available 
detection systems. Among the great variety of nanomaterials 
available to develop sensitive biosensors, nanoporous anodic 
alumina (NAA) offers easy modification of the surface, high 
loading capacity and its production can be easily arranged by 

standard production techniques that are cost-competitive.[11] 
In the last years, NAA have been used to develop gated nano-
materials for biosensing applications. In those systems, only 
the target pathogen o biomolecule induces the release of the 
entrapped reporter.[12–14] For example, we have previously 
reported oligonucleotide-capped mesoporous supports for the 
detection of Staphylococcus aureus[15] and Candida auris DNA in 
blood culture specimens from infected individuals, bringing 
gated materials into clinical settings and showing their enor-
mous potential.[16]

Among the possible gating mechanism that can be imple-
mented on porous supports to configure a functional sensory 
material, aptamers have demonstrated excellent performances. 
Aptamers consist of small peptide molecules or more com-
monly oligonucleotide sequences having high specific binding 
affinity for their target molecules leading a precise and accu-
rate detection. By using the appropriate linkers and coupling 
agents, aptamers can be easily adapted to any specific design. 
[17,18] As a consequence, such small proteins or oligonucleotides 
have been widely used to develop sensing systems known as 
aptasensors. The purity, high stability, and reversibility of these 
devices under harsh environmental conditions, combined with 
the availability of target-specific linkers, make them ideal for 
novel diagnostics.[19]

Biosensors based on aptamers have been demonstrated 
to be a highly effective analytical tool for the rapid diagnosis 
of infections, with high sensitivity and specificity. In the case 
of SARS-CoV-2 detection, Zhang et  al.[8] developed a system 
for the detection of SARS-CoV-2 that utilizes aptamer probes 
that bind to a specific protein target, bringing together a liga-
tion DNA region in close proximity and initiating ligation-
dependent qPCR amplification. Another example has been 
reported by Sandall et  al.[20] who described the development 
of a system based on the use of an intrinsic silicon thin film 
transistor functionalized with aptamers that specifically bind 
to the SARS-CoV-2 spike protein. Also, several examples using 
nanomaterials and aptamers to recognize SARS-CoV-2 targets 
have been described. For example, Tabrizi and coworkers devel-
oped a photoelectrochemical aptasensor based on graphitic 
carbon nitride combined with CdS quantum dots and chitosan 
to obtain a nanocomposite which is further functionalized with 
a RBD spike domain sensitive aptamer.[21] In another approach, 
Ray et  al. took advantage of distance-dependent nanoparticle 
surface energy transfer phenomena to detect spike protein by 
fluorescence quenching induced thanks to aptamer-functional-
ized gold nanostars.[22]

Taking into account literature reports, it can be envisioned 
the potential of combining the excellent performance of gated 
materials and aptamers to configure a functional nanomaterial 
for SARS-COV-2 infection biomarkers recognition. Based on 
this premise, herein we report a method for highly ultrasensi-
tive and specific detection of SARS-CoV-2-associated antigens, 
in particular the spike protein receptor-binding domain, based 
on aptamer-capped gated NAA. In our design, NAA supports 
were first loaded by diffusion with the fluorescent reporter dye 
rhodamine B, followed by the capping with an aptamer that 
specifically binds with the spike protein of SARS-CoV-2 virus. 
As a capping system the aptamer described by Yang et  al.[23] 
was selected due to its suitable properties like the absence of 
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secondary structures formation, molecular weight, and target 
affinity. Once the system is arranged, the capping aptamer 
inhibits dye release blocking the pores. Only in the presence 
of SARS-CoV-2 spike protein, the capping aptamer is displaced 
(thanks to the specific hybridization between aptamer and 
protein), uncapping the pores and allowing dye release. The 
capped sensing aptasensor was also tested using pseudotype 
virus systems based on vesicular stomatitis virus (VSV) car-
rying different SARS-CoV-2 S-proteins on the surface. Finally, 
the system has been tested in patient samples. The prepared 
materials are found to respond rapidly, allowing accurate detec-
tion in buffer and nasopharyngeal samples in just one hour.

2. Results and Discussion

2.1. Synthesis and Characterization of Gated NAA

In our proposed system, NAA pores were loaded with rhoda-
mine B fluorescent reporter and the surface was chemically 
modified by attaching (3-triethoxysilyl)propylisocyanate, to give 
support S1. Then, two oligonucleotides NH2-(CH2)6-5′-AAA 
AAA CCC CCC-3′ (O1) and 5′-TTT TTG GGG GGC AGC ACC 
GAC CTT GTG CTT TGG GAG TGC TGG TCC AAG GGC GTT 
AAT GGA CAG GGG GGT TTT T-3′ (O2) were used to obtain 
a capped nanomaterial through strong covalent and hydrogen 
bonding interactions. First, O1, which has been engineered to 
identify and bind with the sequence 3’-TTT TGG GGG G-5′ 
included in O2, was covalently anchored by the formation of 
urea bonds with the isocyanate moieties present in S1 to obtain 
support S2. In the second step, O2, which contains the specific 
aptamer sequence to recognize SARS-CoV-2 spike protein (i.e. 
5′-CAG CAC CGA CCT TGT GCT TTG GGA GTG CTG GTC 
CAA GGG CGT TAA TGG ACA-3′), was employed in a concen-
tration of 8 µM to hybridize with O1 and block the pores of S2, 
obtaining the final sensing gated nanomaterial S3 (see Experi-
mental Section for further details). This aptamer was selected 
from a pool of three aptamers described by Yang et al.[23] which 
were able to recognize independently the SARS-CoV-2 spike 
protein or the nucleocapsid protein. The three candidates were 
tested at concentrations ranging 5.6-12 µM and finally, aptamer 
O2 was selected due to its better capping ability and controlled 
release performance. Aptamer O2 holds a Kd value (equilibrium 
dissociation constant) of 5.8 nM.[23] The O1–O2 complex made 
of double-stranded DNA on the outer surface of the inorganic 
scaffold is anticipated to be large enough to block pores and 
prevent dye delivery. In contrast, in the presence of the target 
spike SARS-CoV-2, the capping aptamer will recognize the 
SARS-CoV-2 spike protein. This would lead to a displacement 
of the O2 sequence form the surface of the functional material, 
resulting in cargo release (Figure 1).

Raw NAA material, S1, S2, and S3 were characterized by 
EDX and FESEM techniques. In commercially available NAA 
supports, anodic aluminum oxide films are grown on alu-
minum layers with pore densities of 9 × 1011 cm−2. There is a 
funnel-like shape to the pore entrance which gradually shrinks 
starting at a size of 20–30 nm at the top and decreasing to 5 nm 
at the bottom. The pores are as long as 10 µm. As the material 
was cut into disks of 2 mm in diameter. The appearance of the 

initial material was a silver small disk while once loaded with 
rhodamine B it becomes of an intense pink color (from S1 to 
S3) that does not fade with the posterior treatments. Pictures 
of the raw NAA material and final S3 support is shown in the 
insets of Figure 2. Representative FESEM images of the starting 
NAA scaffold showed the porous structure described above 
(Figure  2a). Besides, images of S3 evidenced the presence of 
a dense capping layer on the top of the pores (Figure 2b) con-
firming a compact pore capping. We have also verified through 
FESEM microscopy that when the SARS-CoV-2 spike protein 
is present, most of the part of the superficial organic layer 
detaches compared to the control (see Supporting Information).

X-ray energy-dispersive spectroscopy was used to analyze 
the organic content of S2 and S3 (Table  1). S1 was found to 
contain a high carbon content (C/Al 4.771), as expected due to 
the large loading capacity of the NAA material. As a result of 
the experimental conditions for O1 attachment, solid S2 has 
a lower carbon content than solid S1, indicating partial cargo 
release (C/Al 0.353). Finally, solid S3 also maintained a similar 
organic matter content. Likewise, it was confirmed in the final 
material a higher P/Al and N/Al content from the capping 
oligonucleotide.

Maximum amount of rhodamine B that can be released from 
the final material to the solution was also quantified by extrac-
tion experiments. As a result, a deliverable rhodamine B con-
tent was calculated to be ca. 0.33 µg mL−1.

2.2. Release Assays

To examine the mechanism by which the material can be 
opened, the controlled release of the material in the solution 
was studied in the presence and absence of purified SARS-
CoV-2 spike protein, which includes the receptor-binding 
domain that is targeted by the capping aptamer. To conduct 
this study, a hybridization buffer was used to submerge two 
independent gated supports of the S3 solid. One support was 
then treated with 100 µL of purified SARS-CoV-2 spike protein 
(1 ng µL−1), while the other was treated with 100 µL of TRIS 
buffer. At predetermined intervals, the fluorescence of the 
supernatant solution was measured to quantify the release of 
dye from the pores to the aqueous phase. The release profile 
of rhodamine B from the S3 solid in the absence and presence 
of SARS-CoV-2 spike protein is shown in Figure 3a. When the 
S3 solid is placed in a hybridization buffer alone, it releases a 
very small amount of dye (less than 10% of the maximum dye 
release), indicating tightly closed pores (Figure 3a, curve 1). In 
contrast, when the S3 solid is placed in a solution containing 
SARS-CoV-2 spike protein, a significantly larger amount of 
rhodamine B is released (10-fold increase at 60 min, Figure 3a, 
curve 2).

In the next step, we validated the system using a model 
closer to clinical samples, demonstrating that the system can 
recognize a complete virus that expresses the target protein 
of SARS-CoV-2 on its surface. Research using pathogens clas-
sified as high biosafety levels, such as SARS-CoV-2, is com-
plicated by the inherent difficulty of working under biosafety 
level 3 conditions. Hence, model systems are often preferred 
for many applications. Pseudotype virus systems provide such 
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models. These are based on the use of a low biosafety level 
virus in which the viral envelope protein is deleted from the 
genome and replaced with that of a pathogenic virus, either by 
supplying it in trans or by encoding it within the viral genome. 
These systems have proved valuable for assaying entry mecha-
nisms of diverse viruses, evaluation of neutralizing antibody 
levels, and discovery of antivirals, and as vaccines.[24] Moreover, 
as the pseudotype virus encodes a functional entry glycoprotein 
of a virus of interest, these can be used to safely and rapidly 
evaluate detection systems.

Based on the above, to simulate the presence of the virus 
in the sample we used a pseudotype virus system as a model 
system based on vesicular stomatitis virus (VSV) carrying dif-
ferent SARS-CoV-2 S-proteins on the surface (VSV-S). These 
VSV pseudotype viruses have been shown to enter cells in an 
analogous manner to SARS-CoV-2 but facilitate the evaluation 
of the system.[25] We employed both a replication-competent 
VSV encoding the Wuhan spike protein in place of its glyco-
protein G (VSV-S), which grows to high titer, and replication-
incompetent VSV where the spike protein from different 
variants was supplied in trans (see Experimental Section for 
further details). The viruses were named depending on the 
SARS-CoV-2 variant genome they were carrying as VSV-Alpha, 
VSV-Beta, VSV-Gamma, and VSV-Delta.

The behavior of two independent S3 materials in hybridi-
zation buffer were studied in the presence of 100 µL of VSV-S 
pseudotype or VSV (without S-protein) and the amount of rho-
damine B released to the solution was recorded by recording 
the fluorescence at different times at 575 nm (λexc  = 555 nm) 
(Figure  3b). It was observed that SARS-CoV-2 spike protein 
(purified or attached to the pseudotyped virus) uncapped the 
pores and induced cargo delivery as represented in Figure 3.

Adv. Mater. Technol. 2023, 2201913

Figure 2.  a) FESEM representative images of NAA support and b) gated 
solid S3. Insets feature photographs of the corresponding solids.

Figure 1.  Scheme of the gated NAA material S3 selectiveness for the recognition of SARS-CoV-2 spike protein. In the absence of the virus protein, pores 
are blocked while the presence of SARS-CoV-2 S protein induced aptamer displacement and delivery of the entrapped dye.
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2.3. Sensitivity and Specificity Studies

To determine the sensitivity of the proposed method, experi-
ments were conducted using S3 at various concentrations of 
VSV-S and the resulting responses were analyzed. Eleven inde-
pendent S3 supports were immersed in hybridization buffer, 
and 100 µL aliquots of serial dilutions of the virus suspension 
were added to each material, resulting in final concentrations 
ranging from between 103 and 5 × 105 PFU mL−1 per milliliter 
(PFU mL−1). After a 60 min incubation period, the total amount 
of rhodamine B released into the aqueous phase was quanti-
fied using fluorescence measurements. The results indicated 
a linear relationship between the concentration of VSV-S and 
the amount of dye released (Figure 4). Moreover, the limit of 
detection (LOD) of our system was calculated graphically from 
the intersection of the line of the points that present a base 
fluorescence with the line with a positive slope (Figure 4). The 
point in the x-axis on which this intersection point falls is the 
LOD that corresponds to 7.5 × 103 PFU mL−1. Despite not being 
optimized for commercial purposes, instrumental SARS-CoV-2 
detection techniques usually report LODs in the same range 
(Table S1, Supporting Information). However, when compared 
to current methods based on molecular techniques such as 
DNA amplification or sequencing, our biosensor based on oli-
gonucleotide-capped nanoporous anodic alumina displays cer-
tain advantages: i) both the cargo and capping DNA sequences 
are highly tunable; ii) compared to other techniques, the cost 
of preparation and testing is significantly lower; iii) the equip-
ment needed is simple, widely available, and cost-effective for 
most laboratories, and iv) it is faster, more straightforward, and 
does not require DNA extraction or amplification as part of the 
analysis process. Overall, our assay might provide a viable alter-
native to detect SARS-CoV-2 in a fast and precise manner.[26,27]

In order to further evaluate the selectivity of the S3 biosensor 
for the detection of the SARS-CoV-2 spike protein, the response 
of S3 was evaluated in the presence of 100 µL of purified 
spike protein (1 ng mL−1) and eight different drugs in 900 µL 
of hybridization buffer (Figure 5). These drugs are commonly 
found in samples since they are commonly prescribed for the 
treatment of common illnesses or chronic diseases. As shown, 
the presence of the SARS-CoV-2 spike protein (or mixtures of 
SARS-CoV-2 spike protein and drug) was the only condition 
that resulted in a significant release of rhodamine B, while 
the presence of the drugs alone resulted in minimal uncap-
ping and cargo delivery. This suggests that S3 exhibits a highly 
selective response to the presence of the SARS-CoV-2 spike  
protein.

2.4. Detection of VSV-S in Nasopharyngeal Fluid and Inoculated 
Clinical Samples

Furthermore, the stability of the system was assessed by exam-
ining the behavior of S3 in the presence of 100 µL of 2.5 × 
105 PFU mL−1 of VSV-S was evaluated in 900 µL of a clinically 
relevant media, as it is a nasopharyngeal fluid obtained from 
four different healthy patients with the use of a collection swab 
in 5 mL of hybridization buffer (TRIS). As shown in Figure 6, 
the presence of VSV-S in this competitive medium also resulted 
in the selective displacement of the aptamer, pore uncapping, 
and dye release. A comparison of the residual release in naso-
pharyngeal fluid and buffer revealed a higher residual release 
in the former. Nevertheless, the fluorescence measurement in 
the presence of the virus was comparable to that observed in 
TRIS buffer. In addition, it is necessary to highlight how the 
nasopharyngeal fluid increases the fluorescence in the same 
rate for all samples (which have been collected from different 
patients).

In a further attempt, a small analytical assay was performed. 
Taking into account the usual SARS-CoV-2 concentration 
in nasopharyngeal samples (an average of 7 × 106 PFU mL−1 
per sample until the fifth day of infection and a maximum of 
7.11 × 108 copies per swab[28]), aliquots of negative nasopharyn-
geal samples were inoculated with different amounts of the 
pseudotyped virus VSV-S (5 × 103 to 4 × 104 PFU mL−1) to 

Adv. Mater. Technol. 2023, 2201913

Table 1.  The relation of atomic elements in the different prepared solids.

C/Al N/Al P/Al

S0 0.16 ± 0.00 – –

S1 4.77 ± 0.10 0.74 ± 0.02 –

S2 0.35 ± 0.00 0.05 ± 0.00 0.00 ± 0.00

S3 0.35 ± 0.01 0.06 ± 0.00 0.01 ± 0.01

Figure 3.  Time-dependent release of Rhodamine B from the pores of material S3 in TRIS buffer (pH 7.5). Plot a) indicates dye release in the lack of 
any stimulus (1) and in presence of target purified spike protein at a concentration of 1 ng µL−1 (2). Plot b) illustrates cargo delivery in the presence of 
VSV-S (2.5 × 104 PFU mL−1) (2) and in presence of VSV without any spike on its surface (2.5 × 104 PFU mL−1) (1).
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emulate SARS-CoV-2 infected samples. Subsequently, 100 µL 
aliquots of each sample were combined with a microtube con-
taining the S3 support and 900 µL of hybridization buffer. The 
release of rhodamine B from the pores was measured at a 
wavelength of 575 nm (excitation wavelength of 555 nm) after 
60 min of incubation at 25 °C. Experimental points (Figure 7) 

show that the obtained signal is proportional to the concentra-
tion of VSV-S. The possibility of obtaining an approximation of 
the virus concentration in the samples is of interest in a clinical 
context, as it might allow differentiating patients with a high 
viral load and who may need a different treatment than others 
with a lower load. Additionally, preliminary investigations of 
the stability of the aptamer-gated nanomaterials have demon-
strated that they can be stored for up to 8 weeks without any 
loss of performance.[29]

2.5. Study of the System Behavior with Different S Proteins from 
Different SARS-CoV-2 Variants of Concern

In a step forward, the response of S3 to S protein from dif-
ferent SARS-CoV-2 variants of concern were studied using 
pseudotyped VSV carrying the different S protein variants 
Alpha, Beta, Gamma, and Delta (i.e. VSV-Alpha, VSV-Beta, 
VSV-Gamma, and VSV-Delta), which are the most spread 
in European countries until December 2021. In each experi-
ment, S3 was submerged in a nasopharyngeal sample doped 
with the pseudotyped virus carrying a spike protein with the 
corresponding genome of the variant of concern (VSV-Alpha, 
VSV-Beta, VSV-Gamma, and VSV-Delta). Released rhodamine 
B after 60 min was measured by fluorescence as in previous 
experiments. As can be appreciated in Figure 8, S3 responds to 
all studied variants, giving hope to the detection of new coming 
variants of the virus using S3.

Adv. Mater. Technol. 2023, 2201913

Figure 5.  Media fluorescence intensity in the presence of drug interferents alone or in combination with the viral spike protein (1 ng µL−1) in TRIS 
buffer after 60 min.

Figure 4.  The release of dye from the S3 solid in the presence of varying 
concentrations of VSV-S in TRIS buffer.
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2.6. Device Testing in Presence of Infected and Non-Infected 
Real Samples

Detecting the SARS-CoV-2 virus directly in clinical samples is 
crucial to apply the S3 probe in clinical practice. Thus, the per-
formance of the sensing materials to detect Spike protein from 
the infected patient sample were studied. The ongoing refer-
ence method for SARS-CoV-2 detection in most health centers 
is based on RT-qPCR which requires at least two hours until 
the results are obtained, with complex equipment, and trained 
personnel. In the present work, SARS-CoV-2 positive and nega-
tive clinical nasopharyngeal samples from Hospital Universitari 
i Politècnic La Fe were studied. The samples were analyzed by 
RT-qPCR and using S3 (see Experimental Section for details). A 
total of 54 patients (59.3% men) were enrolled in the study; of 
them, 26 patients were diagnosed with COVID-19 pneumonia 

and 28, used as a negative control, were hospitalized for other 
reasons. The patient’s characteristics are displayed in Table 2.

The samples were analyzed in duplicate using the gated 
material S3 by immersing individual S3 supports in 995 µL 
of TRIS and adding 5 µL of a nasopharyngeal sample (0.5%) 
to each one. The Fluorescence of released rhodamine B after 
60 min was measured as in previous experiments. Figure 9 
shows how in general delivery of the dye from S3 in the con-
trol samples (red dots) are lower than in positive samples (black 
dots), suggesting that S3 is a suitable probe for SARS-CoV-2 
detection.

Additionally, a final validation experiment was conducted 
using positive samples from patients infected with other 
viruses of the coronaviridae family such as HKU1, OC43, NL63, 
and 229E. Detection experiments were performed by duplicate 
using the gated final material. As in previous experiments, indi-
vidual supports were immersed in 995 µL TRIS, and 5 µL of the 
samples were added in each respectively. Rhodamine B release 
was measured after 60 min showing the results represented in 
Figure 10. A selective response to SARS-COV-2 is observed.

3. Conclusion

Rapid and accurate detection of SARS-CoV-2 infections is cru-
cial for preventing new outbreaks and ensuring appropriate 
treatment. Therefore, the development of new approaches for 
the simple and rapid identification of this virus is essential in 
clinical practice. As demonstrated in this study, nanoporous 
materials can be combined with aptamers to create a useful flu-
orescence-based biosensor for the detection of the SARS-CoV-2 
spike protein in a competitive environment. The nanoporous 
anodic alumina (NAA) scaffold constitutes the biosensor, this 
support has been loaded with rhodamine B and capped with 
an aptamer specific to the SARS-CoV-2 spike protein. Upon 

Adv. Mater. Technol. 2023, 2201913

Figure 6.  Delivery of rhodamine B from material S3 in TRIS (Blank) in 
the presence of the stimulus, in nasopharyngeal fluid (NF) obtained from 
different patients and nasopharyngeal fluid inoculated with VSV-S (con-
centration: 2.5·104 PFU mL−1) after 60 min.

Figure 7.  Rhodamine B release from pores of solid S3 in the presence of 
increasing amounts of VSV-S (PFU mL−1) in a clinical sample.

Figure 8.  Media fluorescence intensity of rhodamine B in presence of 
VSV-Alpha, VSV-Beta, VSV-Gamma, and VSV-Delta. (2.5 × 104 PFU mL−1). 
Control represents the delivery in the nasopharyngeal sample without the 
stimulus after 60 min from the beginning of the experiment. Control value 
was subtracted from all the raw values of each represented group. Then, 
the remaining values were relativized to a scale of 0–10, with being 10 the 
highest intensity fluorescence value and 0 being the lowest.
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exposure to the spike protein or SARS-CoV-2 pseudotypes, the 
capping aptamer is displaced, the pores open, and the fluoro-
phore is released. The biosensor exhibits a limit of detection 
of 7.5 × 103 PFU mL−1 in TRIS buffer and 2 × 104 PFU mL−1 
in nasopharyngeal samples collected in TRIS media, which is 
comparable to the performance of other state-of-the-art SARS-
CoV-2 detection systems. In addition, the biosensor demon-
strates high selectivity for the SARS-CoV-2 spike protein and 
is not affected by other interfering substances. The proposed 
method was successfully applied to the identification of SARS-
CoV-2 virus pseudotypes in artificially inoculated clinical sam-
ples and nasopharyngeal samples from COVID-19 patients. 
It is efficient in terms of sensitivity and predictive values and 
is fast, simple, and portable. It can also be easily modified by 
incorporating different reporters and capping sequences. This 
approach to sensing may also provide inspiration for the devel-
opment of new simple tests for point-of-care pathogen testing.

4. Experimental Section
General Techniques: Field Emission Scanning Electron Microscopy 

(FESEM) and was performed using a ZEISS Ultra 55 microscope. 
Energy Dispersive X-ray spectroscopy (EDX) analysis was obtained with 
the same equipment. Fluorescence spectroscopy measurements were 
performed using a BioTek Synergy H1 microplate reader.

Reactives and Reagents: TRIS(hydroxymethyl)aminomethane (TRIS), 
(3-triethoxysilyl)propylisocyanate, rhodamine B, acetonitrile, and 
triethylamine (TEA) were provided by Sigma-Aldrich Química (Madrid, 
Spain). Nanoporous anodic alumina supports were purchased from 
InRedox® (CO, USA). Oligonucleotides were obtained from Integrated 
DNA Technologies, Inc. (IA, USA) and used without further purification.

Oligonucleotides Design: The aptamer sequence employed in this 
research was sourced from literature (refer to reference[23] for further 
details). It was obtained from IDT through Danaher Corporation located in 
Leuven, Belgium. The specific sequence selected to cap the pores was O1:

5′-AAA AAA CCC CCC-3′; O2: 5′-TTT TTG GGG GGC AGC ACC GAC 
CTT GTG CTT TGG GAG TGC TGG TCC AAG GGC GTT AAT GGA CAG 
GGG GGT TTT T-3′.

Synthesis of Solids: To synthesize solid S1, 25 circular NAA 
supports (2 mm) were immersed in a rhodamine B solution in 
CH3CN (1.57 mM, 6 mg, 8 mL) and stirred for 24 h to load the pores. 
Surface functionalization was achieved by adding (3-triethoxysilyl)
propylisocyanate (328 µL, 1.32 mmol) and stirring the mixture for 5 h 
and 30 min. The material was then allowed to dry at room temperature 
overnight. To obtain solid S2, S1 was immersed in a solution containing 
the appropriate nucleotide sequence (O1) in rhodamine B (262.5 µg, 
1.57 mM, 350 µL) and TEA (2 µL) in CH3CN. Solid S3 was then obtained 
by immersing the same solids in a hybridization buffer (pH 7.5, 20 mM 
TRIS-HCl, 37.5 mM MgCl2) with the DNA aptamer (O2). To optimize 
the capping conditions and improve performance, 50 µL of O1 (10 µM) 
and 10 µL of O2 (100 µM) were used in a final volume of 125 µL of 
hybridization buffer, which was agitated at 25 °C for 120 min. The 
remaining oligonucleotide and rhodamine B were then removed through 
several washes with a hybridization buffer.

Cargo Quantification: To determine the capacity of solid S3 to load 
rhodamine B, two independent supports were immersed in 1 mL of 

Table 2.  Description of the patients from where the nasopharyngeal samples were obtained.

Main Underlying diseases (%)

No. patients Age range (years) Gender
M/F

HBPa) DM-IIb) Dyslipidemia Hearth failure Obesity Hypothyroidism

COVID-19 (n = 26) 20–89 15/11 30.8 19.2 23.1 3.8 38.5 7.7

Control (n = 28) 27–98 17/11 50.0 48.2 50.0 14.3 3.6 10.7

Total (n = 54) 20–98 32/22 40.7 31.5 37.0 9.3 20.4 9.3

a)HBP (high blood pressure); b)DM-II (type II diabetes mellitus).

Figure 9.  Measurement of dye release in presence of human nasopharyn-
geal samples. The scatter plot represents how levels are lower in negative 
samples (n = 28) (red dots) than in positive samples (n = 26) (black dots) 
establishing a discrimination limit in 5.6 fluorescence units.

Figure 10.  Rhodamine B release from probe S3 in presence of samples 
infected with coronaviruses HKU1, OC43, NL63, 229E and a positive con-
trol of a nasopharyngeal sample infected with SARS-CoV-2 virus.
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the hybridization buffer. One support was agitated at 25 °C for 60 min, 
while the other was stirred at 90 °C for 60 min to induce the release of 
cargo from the pores. The amount of fluorophore released was measured 
at 575 nm (λexc  = 555 nm) using a calibration curve with different 
concentrations of rhodamine B. The experiment was repeated three times.

Virus Obtention: To generate the replication-competent vesicular 
stomatitis virus carrying the S protein of the Wuhan SARS-CoV-2 strain, 
we replaced the G gene in a plasmid encoding the antigenome of VSV with 
an additional GFP transcriptional unit[30] with the Wuhan spike sequence 
lacking the C-terminal 21 amino acids to facilitate virus production. The 
virus was then rescued as previously described[30] but using induced 
BHK-G43 cells which express the G protein of VSV.[31] The virus was 
then amplified for 1 passage on Vero cells. Replication incompetent VSV 
carrying different S proteins were produced as previously described.[32] 
The genotype of the S proteins relative to the Wuhan S sequences were: 
Alpha, mutations H69Del, V70Del, Y144Del, T716I, N501Y, D614G, P681H, 
A570D, S982A, and D1118H; Beta, mutations D80A, E484K, L242Del, 
A243Del, L241Del, N501Y, D614G, and A701V; Gamma, mutations L18F, 
D614G, T20N, P26S, R190S, D138Y, E484K, N501Y, K417T, H655Y, T1027I 
and V1176F; and Delta, mutations T19R, F157Del, R158Del, L452R, T478K, 
D614G, P681R, and D950N. All viruses were purified by centrifugation at 
50,000g for 4 h and resuspended in DMEM All viruses were maintained 
in the same media at −80 °C.

Detection Protocol: The ability of the materials to detect spike protein 
was evaluated by measuring the fluorescence of rhodamine B diffused 
from the inner mesoporous structure in the presence and absence of 
the protein. To do this, two independent supports of material S3 were 
each immersed in 900 µL of hybridization buffer. 100 µL of purified 
spike protein (1 ng µL−1, Sinobiological, Beijing, China) was added to 
one support in each pair of S3 solids, while the other received 100 µL 
of hybridization buffer. Aliquots were collected periodically while all 
solutions were stirred at 25 °C. The released rhodamine B was detected 
by fluorescence spectroscopy at 575 nm (λexc  = 555 nm) and the 
experiment was repeated three times. In a subsequent step, a similar 
release assay was performed using 100 µL of VSV-S (2.5 × 105 PFU mL−1) 
added to one support of S3, with all solutions stirred at 25 °C.

Quantification Curve of SARS-CoV-2 Spike Protein Recognition: The 
response of solid S3 to various concentrations of VSV expressing 
the coronavirus spike protein on its surface was investigated. To do 
this, eleven independent samples of S3 were each immersed in a 
solution containing 100 µL of different dilutions of VSV-S (ranging 
from 104 to 5 × 106 PFU mL−1) and the volume was completed with 
1 mL of hybridization buffer (resulting in a 1:10 dilution of the virus 
concentrations). The solutions were stirred at 25 °C and the released 
rhodamine B was determined at 575 nm (λexc = 555 nm) after 60 min. 
The same experiment was repeated using 900 µL of competitive media 
(a nasopharyngeal sample from a patient).

Selectivity: In order to evaluate the selectivity of the system, a series 
of dye release experiments were performed using independent samples 
of material S3 and known concentrations of various drugs. The drugs 
tested included levothyroxine (0.025 mg mL−1), acetylsalicylic acid 
(0.05 mg mL−1), salbutamol (0.1 mg mL−1), paracetamol (0.1 mg mL−1), 
enoxaparin (0.1 mg mL−1), and tiotropium (0.05 mg mL−1). In addition, 
it was used 100 µL of SARS-CoV-2 spike protein (1 ng µL−1) as a positive 
control, and a negative control was included in the form of 100 µL of 
hybridization buffer.

To conduct the experiments, the samples of material S3 were 
immersed in a solution containing the test compounds, and the mixture 
was completed to a final volume of 1 mL with hybridization buffer. The 
solutions were stirred for 60 min at 25 °C, after which fluorescence 
measurements were taken to quantify the amount of rhodamine B 
released (λexc = 555 nm, λem = 585 nm). The experiments were repeated 
multiple times to ensure accuracy.

Validation in Competitive Media: To evaluate the ability of the sensing 
material S3 to detect different concentrations of VSV-V in a more 
realistic environment, virus samples were first diluted to a concentration 
of 2.5 × 104 PFU mL−1. Subsequently, human nasopharyngeal samples  
were collected from four healthy donors using a swab and stored in 5 mL 

of hybridization buffer. The samples were then artificially inoculated with 
the prepared virus concentration. Finally, four independent samples of 
S3 were immersed in 100 µL of each nasopharyngeal sample plus 900 µL 
of hybridization buffer. After stirring the mixture at 25 °C for 60 min, 
the fluorescence emission at 575 nm (λexc = 555 nm) was measured to 
determine the amount of rhodamine B delivered.

Study of the System Behavior with Different VSV-S Variants: To 
assess the responsiveness of the system to the constant changing of 
SARS-CoV-2 that have naturally occurred during all the pandemic, 
different virus variants were tested with independent S3 supports. 
Thus, VSV carrying the different S protein variants Alpha, Beta, Gamma, 
and Delta, which are the most spread in European countries until 
December 2021, were used. All the different four variants were diluted 
to a concentration of 2,5 × 104 PFUmL−1, meanwhile the control essay 
was performed containing no virus. All viruses were first diluted in TRIS 
media and then 100 µL of each one was added to 900 µL of competitive 
media (nasopharyngeal sample) containing a final volume of 1 mL in 
each microtube. Released rhodamine B after 60 min was measured by 
fluorescence as in previous experiments (λexc  = 555 nm). Processing 
of the data collected was carried out prior to its representation. This 
treatment consisted of subtracting the control value from all the intensity 
values of the different groups studied. Subsequently, these values were 
relativized to a scale of 0–10, with 10 being the highest fluorescence 
value and 0 the lowest.

Analytical Performance in Real Nasopharyngeal Samples from Suspected 
COVID-19 Patients: In the final step, the nanodevice behavior in 
nasopharyngeal samples was tested and its performance was compared 
with the reference method (RT-qPCR). Tested samples were taken from 
patients suspected of presenting a SARS-CoV-2 infection at the Hospital 
Universitari i Politècnic La Fe in Valencia following the approval of the 
pertinent committees. Anonymization procedures were applied in order 
to protect patient data. Two different nasopharyngeal samples were 
obtained from each patient. One sample was collected using a multi-
collect specimen collection kit tube (Abbott Lab S.A, Spain) or a viral 
transport medium (Vircell S.L., Spain) and was used for the analysis 
using the reference method. Another sample was collected also using 
clinical swabs but transported in TRIS buffer and was used to study the 
performance of the developed nanodevice S3.

Nasopharyngeal swabs for RT-qPCR were inactivated with Nuclisens 
Lysis Buffer (bioMerieux S.A., Spain). RNA extraction was performed by 
the in QiaSymphony SP/AS instrument automatized method (Quiagen 
Iberia S.L., Spain) with extraction protocol complex DSP Virus/Pathogen 
Kit (Quiagen Iberia S.L., Spain), using a 200 µL sample volume and 
eluting in a volume of 60 µL. The detection of COVID-19 (N gene) and 
other SARS-related coronaviruses (E gene) was performed using real-
time reverse transcription and amplification of nucleic acids in a single 
step with the C1000 Touch Thermal Cycler (Bio-Rad Lab S.A. Spain) 
and SARS-COV-2 Realtime PCR Kit (Vircell S.L., Spain). The assay also 
included endogenous human RNAse P as a control. Samples collected 
for testing with S3 were analyzed in duplicate. For this, individual samples 
of S3 were placed in 995 µL of TRIS and 5 µL of nasopharyngeal sample 
(0.5%) was added to each, resulting in a final volume of 1 mL per vial. The 
released rhodamine B was then measured by fluorescence after 60 min 
of incubation (λexc = 555 nm), as previously done in other experiments.
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