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Aptamer-Functionalized Nanopipettes: A Promising Approach for 
Viral Fragment Detection via Ion Current Rectification  
Shekemi Denuga,a Dominik Duleba,a Pallavi Dutta,a Guerrino Macori,c,d Damion K. Corrigan,b Séamus 
Fanning, c,e Robert P. Johnson.a,c*

In this report, ion current rectification, an electrochemical phenomenon observed in asymmetric nanopipettes, is used for 
the label-free detection of SARS-CoV-2 viral fragments in nasopharyngeal samples. Quartz nanopipettes are functionalized 
with aptamers targeting the spike protein S1 domain, wherein changes to the surface charge magnitude, distribution, and 
ion transport behavior modulate the current-voltage response upon binding. The aptamer-modified nanopipette provides a 
selective and sensitive method for detecting SARS-CoV-2, with a limit of detection in the laboratory of 0.05 pg/mL. The 
effectiveness of this low-cost platform was demonstrated by sensing SARS-CoV-2 in nasopharyngeal samples, successfully 
discriminating between positive and negative cases with minimal template preparation, highlighting the platform’s potential 
as a versatile sensing strategy for infectious disease detection in clinical diagnosis.

Introduction
Nanopore-based electrochemical sensing platforms have 
emerged as promising technologies for detecting various 
analytes due to their simplicity, versatility, and potential for 
integration as low-cost, label-free point-of-care devices.1-3 The 
vast majority of these nanopore systems utilize resistive pulse 
sensing, a technique involving the detection of molecules 
translocating across a pore by a momentary drop in current 
relative to that of the open, unblocked pore.4 Since its discovery 
in 1996, this methodology has been extensively utilized for the 
characterization and detection of single molecules and DNA and 
protein sequencing applications.5-9 An alternative paradigm 
involves using current-voltage (I-V) measurements in 
nanopores that display ion current rectification (ICR).10, 11  ICR 
refers to the non-ohmic I-V response exhibited by asymmetric 
nanopores, where the current magnitudes measured at equal 
but opposite potentials differ.12, 13 This non-linearity arises in 
pores with a charged surface primarily due to the interactions 
between the charged interface and the electrolyte species, 
resulting in a diffuse layer of counter ions along the nanopore 
wall, thus forming an electric double layer (EDL).14 For 
geometrically asymmetric pores such as conical-shaped glass 

nanopipettes, the EDL overlaps at the pore mouth, giving rise to 
ion flux perm-selectively. Consequently, depending on the 
applied potential, there is a local accumulation and depletion of 
ions, leading to a high and low conductivity state within the 
nanopore, resulting in a rectified I-V response.12, 15-17  Given that 
the EDL arises to compensate for the interfacial charge at the 
nanopore surface. Nanopores exhibiting ICR can, therefore, be 
used for sensing by leveraging this surface charge dependence.  
When the immobilization of an analyte onto the nanopore walls 
via surface-bound biorecognition elements induces changes in 
the surface charge, analyte binding is then transduced by the 
modulation in the extent or magnitude of the rectification 
observed.18, 19 Ion current-rectifying nanopores have been 
widely reported for detecting metal ions,20 small organic 
molecules,21 proteins,22 and nucleic acids18, 23 utilizing the 
inherent sensitivity and selectivity between biorecognition 
elements and their target analyte. Thus, to achieve ICR-based 
sensing, the internal surface of the nanopore must first be 
functionalized with biorecognition elements with a high 
selectivity towards the analyte of interest.24, 25 

Aptamers are synthetic, single-stranded nucleic acid 
biorecognition elements designed to bind with analytes of 
interest with high affinity and selectivity.26 They are widely used 
in biosensor development due to their exceptional affinity and 
specificity to target molecules, increased stability, 
reproducibility, and low production costs.27, 28 Aptamers are 
generally designed and selected to bind to the analyte of 
interest through a series of in-vitro screening iterations using 
the Systematic Evolution of Ligands by Exponential Enrichment 
(SELEX) technique, mimicking natural selection.29, 30 In recent 
years, researchers have integrated aptamers as biorecognition 
elements within nanopipettes to enable ultra-sensitive and 
label-free detection of various analytes of interest.31-33  Notably, 
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Actis et al. developed an aptamer-functionalized nanopore 
sensor capable of detecting thrombin spiked in human serum in 
phosphate buffer silane (PBS) (up to 20%), demonstrating that 
nanopore sensors can be utilized for sensing in complex 
media.34 Similarly, Nako et al. also utilized aptamer-modified 
nanopipettes to detect neurotransmitters such as dopamine 
and serotonin in human serum based on changes in ICR.25, 35 
More recently, Ma et al. reported the detection of the 
nucleocapsid-protein of the severe acute respiratory syndrome 
coronavirus 2 (SARS-CoV-2) using an aptamer-functionalized 
nanopipette, achieving a detection limit of 73 pg/mL in spiked 
serum samples.36 Despite these advancements, to the best of 
our knowledge, aptamer-functionalized nanopipettes are yet to 
be utilized to detect biomarkers such as viral fragments in real 
clinical samples.

Extensive research has been carried out to develop rapid, 
sensitive, and selective sensors aimed at detecting and limiting 
the dissemination of SARS-CoV-2, the causative agent of the 
COVID-19 pandemic.37-41 Given the global impact and depth of 
knowledge on SARS-CoV-2, as well as the wide availability of 
clinical samples, it serves as an attractive model system for ICR-
based sensing. We selected the spike protein (S), S1 subunit 
(Fig. S1), as our target of interest due to its surface localization 
and involvement in host-cell receptor recognition.42  Further, an 
aptamer with a high affinity towards the S1 domain has been 
well-studied by previous publications.43 In this report, the 
internal surface of a quartz nanopipette was functionalized with 
this S1 selective aptamer. Subsequently, these aptamer-
functionalized nanopipettes were employed for COVID-19 
detection and quantification with synthetic spike protein and 
patient nasal swab samples. Our results are complemented with 
finite element simulations using Comsol®, which support our 
supposition that the observed current-voltage response 
modulation upon target binding is driven by changes in the local 
surface charge when a fraction of the aptamer sites capture the 
spike-protein or spike-protein-containing virus. Our results 
show that the nanopipette sensing platform for SARS-CoV-2 is 
highly sensitive and selective, demonstrating the potential of 
aptamer-modified nanopipettes as a universal sensing strategy 
for detecting infectious diseases in clinically relevant samples. 

Experimental Methods
Materials and Reagents. All reagents were purchased from 
Merck Chemicals and used without further purification unless 
otherwise stated. Ag/AgCl electrodes were prepared by dipping 
0.25 mm diameter silver wire into a potassium hypochlorite 
solution overnight before thoroughly rinsing. All solutions were 
prepared using Milli-Q- water from an Elga Purelab DV 35 water 
purification system. A 33-mer S1-binding aptamer (modified 
with a thiol group at the 5’ terminus) and buffer system were 
purchased from Aptamer Group (York, UK). Further details on 
the aptamer system are provided in a previous publication and 
the supporting information.43 The S1 glycoprotein and IL-6 
protein were obtained from Abcam.

Nanopipette Fabrication. Nanopipettes with a mean pore 
radius of 109 ± 20 nm were fabricated from filamented quartz 
capillaries (#Q100-70-7.5, outer diameter:1.0 mm, inner 
diameter: 0.7 mm) using a laser-based pipette puller (P-2000, 
Sutter Instruments) with the following instrument-specific 
parameters: Heat:580, Filament:3, Velocity:55, Delay:128, and 
Pull:110.44 The size of the nanopipettes was characterized using 
scanning electron microscopy (SEM), and conductivity was 
described in the supporting information.  

Functionalization Procedure. A three-step procedure was used 
for functionalizing the internal walls of quartz nanopipettes 
with an S1 subunit selective aptamer. A 5% (v/v) solution of (3-
aminopropyl)triethoxysilane (APTES) in ethanol was backfilled 
into the quartz pipette using a microfil syringe, and the 
nanopipettes were left to incubate at room temperature for 1 
h. The nanopipettes were then thoroughly rinsed with ethanol 
to remove unreacted APTES and baked at 70 °C for 1 h. Next, 
the APTES-functionalized nanopipettes were filled with a 
solution of 1 mM 3-(maleimido)propionic acid N-
hydroxysuccinimide ester dissolved in a 1:9 (v/v) DMSO: 1X PBS 
overnight at room temperature, and then rinsed with 1X PBS to 
remove any unreacted MPS present in the nanopipette. The 
aptamer solution was then diluted to 1 µM in the aptamer 
group buffer system. To prepare the aptamer for 
functionalization, the aptamer was denatured at 95 °C for 5 
minutes and cooled to room temperature. Finally, the 
nanopipettes were backfilled and incubated in the aptamer 
solution for 4 hr at room temperature. The nanopipettes were 
rinsed thoroughly with deionized water. Cyclic voltammetry 
was used to confirm successful modification, as described in the 
results section. 

Sample Testing. For testing of the S1 subunit, the spike protein 
was diluted in 1X PBS to prepare the desired target 
concentration for detection. The aptamer-functionalized 
nanopipettes were incubated in the target solution overnight at 
room temperature. For real sample testing, SARS-CoV-2 
specimens were collected from positive nasal Rapid Antigen 
Detection Tests (RADTs) from voluntary participants working in 
meat processing plants in Ireland. For this study, sample 
extraction was performed in containment biosafety laboratory 
category 2 (BSL-2) facilities using standard BSL-2 work practices 
following a procedure described by Macori et al.45  The SARS-
CoV-2 positive RADTs were inoculated on-site and were 
provided in 1.5 mL tubes. A volume of 700 μL of viral lysis buffer 
(AVL) was added to each sample. Following an incubation of 10 
min, the RADT was transferred into a sterile 50 mL sample tube, 
sealed, and maintained at 4 °C before being delivered to the 
laboratory. Subsequently, the lysed suspension was diluted in 
1X PBS (1:1) for ICR analysis. Twelve samples were randomly 
selected from a larger dataset of positive RADTs, including 
Abbott Panbio™ (Abbott Laboratories Ltd., USA) and Clinitest® 
Rapid COVID-19 Antigen Test (Siemens Healthineers, Germany). 
The aptamer-functionalized nanopipettes were then dipped in 
this solution overnight. All experiments were performed in 
compliance with the Guidelines for Ethical Conduct in Human 
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Research. The team received ethical approval from the UCD 
Human Research Ethics Committee (No.: LS-E-20-196-Mulcahy), 
including Informed consents from human participants of this 
study.
Electrochemical Measurements and Analysis 
All I-V measurements were performed using a 0.01 M KCl 
electrolyte. Nanopipettes were backfilled with the electrolyte, 
and an Ag/AgCl wire working electrode was placed inside the 
pipette. The nanopipette was placed in a bulk electrolyte 
solution containing an Ag/AgCl wire reference electrode. The 
current was measured using a Biologic SP-200 potentiostat, 
with the applied voltage swept from -1 V to +1 V relative to the 
reference electrode at a scan rate of 0.1 V sec-1. Measurements 
were performed with a filter bandwidth of 50 kHz. Noise was 
further filtered numerically using Biologic’s EC-Lab software by 
applying a moving average filter with a window size of 11 points. 
Data are reported as mean ± standard error, calculated from a 
minimum of five data points.

Results and Discussion
Nanopipette Functionalization with an aptamer specific for 
the SARS-CoV-2 S1 subunit. A thiolated aptamer with a high 
binding affinity (KD = 10.7 ± 0.07 nM) (Fig. S4) for the spike 
protein S1 domain of SARS-COV2 was covalently immobilized 
onto the inner surface of a glass nanopipette (Fig. 1) following 
a three-step process. As the response of the ion-current 
rectifying nanopore sensors is strongly dependent on the 
surface charge, the success of each modification step was 
monitored from the extent of rectification, quantified by the 
rectification ratio (Equation 1). 

𝑅𝑅 = |𝐼( 𝑉)
𝐼( 𝑉)| Equation 1

At neutral pH, the surface of the quartz nanopipettes was 
negatively charged due to the partial proton dissociation of the 
surface silanol groups (Equation 2), resulting in a negative inner 
surface charge that manifests as a negative current 
rectification, with an RR value of 1.40 ± 0.02.46, 47 Next, the 
nanopipettes were primed with (3-Aminopropyl)triethoxysilane 
(APTES) to introduce a covalently attached amine-terminated 
monolayer to the internal quartz surface via silanization 
chemistry. The isoelectric point (pI) of APTES is 9.6. So, at pH 7, 
successful modification of the nanopipette surface is confirmed 
by an inversion of the current-voltage response with an RR of 
0.10 ± 0.09.48   Subsequently, a heterobifunctional maleimide 
cross-linker is attached to the internal surface of the 
nanopipette. Finally, the 33-mer thiolated aptamer was 
immobilized to the nanopore surface using thiol-maleimide click 
chemistry between the maleimide functionalized surface 
groups and the thiolated aptamer sequence.49 As DNA is a 
negatively charged polymer, the internal surfaces once again 
become negatively charged, reversing the current-voltage 
response with an RR of 2.4 ± 0.7. 

𝑆𝑖𝑂𝐻 ↔𝑆𝑖𝑂― + 𝐻+ Equation 2

Figure 1. (A) The stepwise functionalization of a quartz nanopipette with an aptamer-selective for the S1 domain of SARS-CoV-2. (B) The average rectification ratio and (C) A sample 
I-V curve for each modification step in 0.01 M KCl. Error bars represent the standard error from a minimum of six measurements, each with a different functionalized nanopipette.  
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Aptamer-functionalized nanopipettes exhibit high sensitivity. 
The 33-mer S1 binding aptamer immobilized to the surface of 
the nanopipette was used to target the S protein of SARS-CoV-
2 by incubating it in an aqueous solution containing 50 ng/mL 
S1 subunit of the spike protein overnight. Following exposure of 
the aptamer-functionalized nanopipettes to the S1 protein, a 
pronounced increase in rectification from 2.4 ± 0.7 to 10.1 ± 2.8 
was observed (Fig. 2). We propose the mechanism of sensing in 
our device is therefore as follows. When an aptamer probe is 
present on the internal walls of the conical nanopore, the 
electrical double-layer region, which encompasses all of the 
pore orifice, selectively excludes the transport of anions 
through the pore. Anion exclusion results in the depletion and 
accumulation of ions at positive and negative voltages, 
respectively, which, in turn, manifests as low and high current 
states at equal but opposite voltages (as measured by the RR). 
The S1 subunit, with a pI between 5.2 and 6.2, is negatively 
charged at physiological pH.50, 51 The capture of these proteins 
at the internal nanopipette walls, therefore, increases the 

rectification ratio through an increase in local negative charge 
density at the pore walls.  Thus, upon binding of the spike 
protein, the perm-selectivity at the pore orifice increases, the 
accumulation and depletion states become more pronounced, 
and the RR increases. Our observations are supported by a finite 
element simulation model constructed with Comsol®, which 
predicts the same change in the direction of the rectification 
ratio when the charge at the pipette walls becomes increasingly 
negative, with the magnitude of the change dependent on the 
number of proteins units captured (Fig. S7). To validate the 
specificity of the ICR response observed, the aptamer 
functionalized nanopipettes were also immersed in a solution 
of interleukin 6 (IL-6), and the current-voltage response was 
recorded. IL-6 was chosen because COVID-19 is associated with 
elevated levels of pro-inflammatory cytokine production, with 
IL-6 consequently a likely interferent in patients' samples. When 
exposed to IL-6, the RR remained at 2.5 ± 0.9 (Fig. 2C). The 
sensor response was also found to be stable with continuous 
interrogation (Fig. 2D, Fig. S8). 

Figure 2: (A) Schematic of SARS-CoV-2 detection utilizing an aptamer-functionalized nanopipette via sensing the S1 subunit of the spike protein. (B) Sample I-V curve 
and (C) average rectification ratio of the aptamer-functionalized nanopipette (purple) after exposure to S1 (blue) and IL-6 (green). Error bars represent the standard 
error from a minimum of six measurements, each with a different functionalized nanopipette. (D) Stability of the ICR response of aptamer-modified nanopipettes in 
the absence and presence of the S1 subunit for 100 measurement cycles (circa 2 hours).  

To determine the analytical range of the nanopipette sensing 
platform and noting the significant reported variability in viral 
load of SARS-COV-2 infected patients,52 we investigated the 
platform response to different concentrations of S1 subunit 
across a broad range, 100 ng/mL to 5 × 10-9 ng/mL. When the 
concentration of spike protein is plotted as a function of the 

change in rectification ratio (ΔRR), i.e., the difference between 
the rectification ratio of the target and the aptamer), we 
observed that higher concentrations of the spike protein gave 
rise to higher changes in rectification (Fig. 3), with spike protein 
concentrations as low as 5 × 10-9 ng/mL detected. The 
developed sensor exhibits responsiveness across a wide range 
of spike protein concentrations, with a LOD of 0.05 pg/mL.53 
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Figure 3: Quantification of S1 concentration using the aptamer-functionalized 
nanopipette. Two lines of best fit are drawn (red dotted lines) to highlight the 
relationship between the change in RR and S1 sub-unit concentration. The limit of 
detection (indicated by the grey dotted line) is calculated as the signal at zero 
analyte concentration with 1.645 times its standard deviation plus 1.645 times the 
standard deviation of a low-concentration sample.53 Error bars represent the 
standard error from a minimum of six measurements, each with a different 
functionalized nanopipette.

Aptamer functionalized nanopipettes can be used directly 
with patient nasal samples. To evaluate the performance of the 
aptamer-functionalized nanopipettes for real-sample sensing, 
twelve SARS-CoV-2 samples extracted from positive nasal 
RADTs were analyzed by ICR, as shown in Figure 4.  
Nanopipettes exposed to a positive SARS-CoV-2 sample 
exhibited increased rectification, with a mean change of 5.8 ± 
0.6. As discussed earlier, this increase in RR arises due to the 
heightened anionic charge density at the nanopore surface 
upon aptamer-S1 binding. For comparison, nanopipettes 
incubated in a negative COVID-19 sample showed minimal 
change in rectification, with a mean change in rectification ratio 
of 1.6 ± 0.2. This small change in RR is likely attributed to the 
non-specific interactions between the negative charge of the 
aptamer and other interferents in biological matrixes. 
Interestingly, sensors exposed to different positive clinical 
samples were prone to considerable variation in RR response. 
We speculate that this variation is due to the differing viral loads 
of individual samples, with a concentration-dependent 
relationship between RR and analyte concentration. In 
comparison, a tighter distribution was observed for pipettes 
exposed to the same negative SARS-CoV-2 sample. Despite the 
variability in RR observed for the SARS-CoV-2 positive samples, 
the developed nanopipette sensor could clearly detect the S1 
subunit in all twelve of the clinical nasal samples tested and 
distinguish them from a negative SARS-CoV-2 patient sample 
baseline.

Figure 4: (A) An illustration of the sample collection and preparation utilized for 
ICR-based detection. (B) Sample I-V curves and (B) a bar plot of the average change 
in the rectification ratio of aptamer-modified nanopipettes (purple) incubated in 
positive (blue) and negative (grey) SARS-CoV-2 patient samples. Each data point 
represents a measurement from a unique sample.

To further evaluate the diagnostic potential of our nanopore 
sensor on clinical samples, a sub-set of six of the positive 
samples was selected for qualitative reverse transcription-
based polymerase chain reaction (RT-qPCR) analysis, and the 
cycle threshold (Ct) value, which is indicative of the minimum 
number of amplification cycles required for a positive PCR 
result, recorded. Higher viral loading necessitates a lower 
number of PCR cycles, and thus, RT-qPCR on such samples 
exhibit lower Ct values, while lower viral loadings require a high 
number of cycles and exhibit higher Ct values. Figure 5 
compares the results obtained by the RT-qPCR to the change in 
rectification response from the aptamer-functionalized 
nanopipette, where a clear correlation between viral load 
(measured from the Ct value) and sensor response (measured 
from the ΔRR) is observed. The rectification response increases 
with decreasing Ct values, demonstrating that the variation in 
ΔRR corresponds to the variation in viral loading in samples. The 
LOD obtained with the nanopore response corresponds to a Ct 
value of 33.45, which meets the POC test requirements set by 
the WHO.54 These results show that the aptamer-functionalized 
nanopipette presents a promising detection platform for 
biomarkers indicative of infectious disease.
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Figure 5: The change in rectification ratio (ΔRR) as a function of RT-qPCR response 
(as measured from the Ct value) for a subset of positive samples. The Ct value 
indicates the cycle threshold for the signal in RT-qPCR to exceed the background 
and is hence related to the sample's viral load, where a lower Ct value indicates a 
lower viral load. The shaded area indicates the range of ΔRR values obtained for 
negative samples.

Conclusion
Herein, we have developed an ion-current rectifying nanopore 
sensor for detecting COVID-19 using an aptamer-functionalized 
nanopipette with high affinity for the S1 domain of SARS-CoV-2. 
Quantitative determination of the S1 protein analyte is 
achieved through a mechanism in which binding of the analyte 
to the selective aptamer immobilized on the nanopore internal 
walls increases the anionic surface charge, enhancing the 
observed ion-current rectification of the nanopore. These 
findings are supported by the Finite Element simulation 
performed using Comsol® Multiphysics. The biosensor 
exhibited a large dynamic range from 100 ng/mL to 5 × 10-6 
pg/mL with a detection limit of 0.05 pg/mL. Further, the sensor 
successfully discriminates between positive and negative 
patient samples in nasal swabs with minimal sample 
preparation. Our study showcases the viability of ion-rectifying 
nanopipettes for clinical applications, where the ability to work 
with minimal sample preparation, high sensitivity and 
selectivity, low fabrication costs, and large dynamic range are 
all significant advantages of the developed methodology. 
Notwithstanding these advantages, it should be noted that the 
sensor's sensitivity and selectivity hinge on the binding affinity 
between the bioreceptor immobilized on the nanopore surface 
and the analyte of interest. Furthermore, challenges related to 
the nanopipette's reusability remain to be addressed. ICR-based 
sensing presents a relatively new and promising sensing 
platform with ongoing technical challenges, such as improving 
the robustness of the nanopipette, as well as conducting a more 
rigorous study of the limit of detection and limit of 
quantification for this technology, being imperative to 
maximizing its potential for effective detection of infectious 
diseases, particularly in a clinical setting. Nevertheless, 
aptamer-functionalized nanopipettes are an attractive 

electrochemical sensing platform with great potential for 
sensing in clinically relevant samples. 

Supporting Information
Additional experimental details on nanopipette 
characterization and sensor stability, aptamer affinity data, and 
Comsol® modelling of the nanopipette sensor response are 
available in supporting information. 
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