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A B S T R A C T   

Ultrasensitive, versatile sensors for molecular biomarkers are a critical component of disease diagnostics and 
personalized medicine as the COVID-19 pandemic has revealed in dramatic fashion. Integrated electrical 
nanopore sensors can fill this need via label-free, direct detection of individual biomolecules, but a fully func-
tional device for clinical sample analysis has yet to be developed. Here, we report amplification-free detection of 
SARS-CoV-2 RNAs with single molecule sensitivity from clinical nasopharyngeal swab samples on an electro- 
optofluidic chip. The device relies on optically assisted delivery of target carrying microbeads to the nanopore 
for single RNA detection after release. A sensing rate enhancement of over 2,000x with favorable scaling towards 
lower concentrations is demonstrated. The combination of target specificity, chip-scale integration and rapid 
detection ensures the practicality of this approach for COVID-19 diagnosis over the entire clinically relevant 
concentration range from 104-109 copies/mL.   

1. Introduction 

High performance molecular biosensors will form a core part of 21st 
century medicine. The ongoing COVID-19 pandemic has reinforced this 
notion in most dramatic fashion and, indeed, a recent survey has laid out 
the most desirable characteristics such a diagnostic tool should possess 
(Tong et al., 2021). These include excellent sensitivity and specificity, 
fast turnaround time, the ability to handle multiple diseases and mul-
tiple target types, and sufficiently low complexity to be suitable for 
point-of-care use. It has been challenging to implement all these traits in 
a single device due to their seeming incompatibility. This situation is 
reflected clearly in the COVID pandemic where relatively complex PCR 
based tests provide accurate and sensitive gold standard laboratory di-
agnostics while simpler antigen tests are used at the point of care, but at 
the price of lower sensitivity and reliability. Emerging approaches such 
as RNA detection via CRISPR (Clustered Regularly Interspaced Short 
Palindromic Repeats) offer high sensitivity but currently still require 
amplification-based processes to achieve this metric (Joung et al., 
2020). The most promising approach to combining high sensitivity with 
low complexity would be the direct, label-free detection of individual 

molecular targets. Nanopore sensors are based on the electrical detec-
tion of single particles as they move through a nanoscopic opening in a 
membrane and have the potential to form the basis of such a long 
sought-after universal sensor. The current blockade sensing principle for 
molecular analysis was introduced in 1989 (Deamer et al., 2016), and 
the bulk of research and development was dedicated to the development 
of a next generation sequencing technology based on distinguishing the 
current signature produced by different nucleotides (Ashkenasy et al., 
2005; Deamer and Akeson, 2000; Deamer and Branton, 2002; Kasia-
nowicz et al., 1996). More recently, the potential of nanopores as single 
molecule detectors for a several diverse biomarker classes including 
nucleic acids, proteins, and small molecules has been recognized (Chien 
et al., 2019; Fologea et al., 2005; Garalde et al., 2018; Kowalczyk et al., 
2010; Li et al., 2013; Liu et al., 2014; Rahman et al., 2019b; Shasha et al., 
2014; Skinner et al., 2009; Wanunu et al., 2011; Wei et al., 2012; Yusko 
et al., 2017). However, the nanopore sensing paradigm poses its own set 
of challenges for creating a realistic diagnostic tool. The most prominent 
ones are ensuring specificity of the translocation signal for the desired 
target and efficient delivery of the targets to within the tiny (few micron) 
capture radius of the pore in which the electric field is strong enough to 
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pull the targets through the opening (Chuah et al., 2019; Rahman et al., 
2019a; Spitzberg et al., 2019). A few mitigation strategies such as con-
centration gradients and target delivery via magnetic nanoparticles have 
been demonstrated (Chuah et al., 2019; Wanunu et al., 2010), but none 
have been translated to complete diagnostic assays. 

In order to create an integrated, label-free, amplification-free nano-
pore sensor that is capable of analyzing patient samples at clinically 
relevant concentrations, we use a new approach called optical trapping- 
assisted capture rate enhancement (TACRE (Rahman et al., 2019a)). It 
relies on a dual-beam optical trap of counterpropagating laser beams in 
liquid-core waveguides (Kühn et al., 2009) to position target-carrying 
microbeads within the capture radius of a nanopore. After applying 
heat to the nanopore chip, the bond between the pulldown sequence and 
the target nucleic acid is broken. The thermally released individual 
nucleic acids can be detected in rapid succession by the nanopore at an 
80x increased rate compared to diffusion-limited capture from a bulk 
solution. Here, we use the TACRE approach to demonstrate the rapid, 
label-free, and amplification-free detection of SARS-CoV-2 RNAs with 
single molecule sensitivity on a nanopore electro-optofluidic chip. Spe-
cifically, RNAs were successfully detected from clinical nasopharyngeal 
swab samples, and a dynamic range covering the entire clinically rele-
vant concentration range from 109 copies/mL to 104 copies/mL (or 17 
aM) is reported. It is worth noting that the clinical viral load in posterior 
oropharyngeal saliva samples, which was ascertained by reverse tran-
scriptase quantitative PCR (RT-qPCR), ranges from 104 to 106 copies/mL 

(To et al., 2020). The capture rate enhancement as a function of con-
centration is examined and shows favorable scaling with concentration, 
reaching values of over 2,000x. Consequently, this electro-optofluidic 
platform can serve as the basis of a new generation of true label-free, 
low complexity, high sensitivity diagnostic instruments. 

2. Material and methods 

2.1. Nanopore optofluidic device fabrication 

The ARROW (Anti-Resonant Reflecting Optical Waveguide) opto-
fluidic devices were fabricated on a 100 mm diameter, <100> oriented 
Si substrate. A sequence of alternating dielectric layers of SiO2 (n =
1.47) and Ta2O5 (n = 2.107) with respective thicknesses of 265 nm and 
102 nm were created via sputtering over the substrate to form the 
ARROW layer. SU-8 photoresist was spun on top of the ARROW layer 
and then patterned to form the 6 μm × 12 μm (height x width) sacrificial 
layer for the microfluidic channel. The photoresist pattern was then 
hard-baked at 250 ◦C for 5 min. Afterwards, a self-aligning pedestal was 
formed by reactive ion etching (RIE) and a 6 μm thick low stress PECVD 
silicon dioxide layer was deposited on top of SU-8 pattern to form the 
wall of the microfluidic channel. The 5 μm tall solid-core waveguide 
intersecting the microfluidic channel was fabricated by reactive ion 
etching (RIE). The two ends of the microfluidic channel were opened by 
removing the oxide with wet etching, then a mixture of strong acids was 

Fig. 1. Optical trapping assisted nanopore capture rate enhancement (TACRE) platform. a, Optofluidic chip with connected solid-core (SC, gray) and liquid- 
core (LC, blue) waveguides. Reservoirs are attached over channel outlets and nanopore (NP) location. Voltages VEK and VNP are applied for electrokinetic delivery of 
bead-bound targets to the nanopore and translocation of released targets through nanopore, respectively. A light beam guided through the LC waveguide traps and 
collects carrier microbeads at the nanopore location. b, Closeup of TACRE process at NP location: targets are released from the beads while beads are trapped by the 
optical beam in the fluidic channel. Region (I): targets inside this region at the beginning of the experiment can diffuse to the nanopore capture volume within the 
duration of the experiment. Region (II): nanopore capture volume for particle translocations. c, SEM image of a terraced micro-well to create thin membrane for ion 
milling of 20 nm nanopore (inset). d, Baseline-corrected nanopore current for SARS-CoV-2 RNA segments translocating through the pore. Red dots mark individual 
RNA molecules identified by custom peak-finding algorithm. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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used to remove the SU-8 to create the hollow microfluidic channel. The 
detailed step-by-step ARROW optofluidic platform fabrication process 
can be found in supplementary section 2 (Lunt et al., 2010). 

To enable the fabrication of a nanopore in the microfluidic channel, a 
terraced microwell was first milled into the 6 μm thick top oxide using 
an FEI Quanta 3D FEG Dualbeam, as shown in Fig. 1c and as described in 
detail in supplementary section 3. The nanopore was milled into the 
remaining thin oxide layer using a 30 kV, 1.6–10 pA ion beam controlled 
by the Nanometer Pattern Generation System (JC Nabity). The micro-
well and nanopore were milled as close as possible to the trapping region 
to ensure immediate capture of targets upon their release from the 
carrier beads. 

2.2. Electronic circuitry for thermal target release 

A temperature controller (LDC 3724B, ILX Lightwave) was used to 
control the temperature of a Peltier heater (TES1 12703, Hebei I.T. 
(Shanghai) Co., Ltd). To implement the PID algorithm, a 10 kΩ therm-
istor as a feedback sensor was placed on the heater surface and con-
nected with the controller circuit. 

2.3. Nanopore current signal analysis 

The nanopore current signal was processed by a sensitive current 
amplifier (Axopatch 200B, Molecular Device) with a low pass filter (cut 
off frequency of 10 KHz) and simultaneously recorded at 250KSa/s 
sampling rate with a data acquisition module (Digidata 1440A, Molec-
ular Device). The current trace was later analyzed by a custom MATLAB 
program, which can distinguish translocation events from other ionic 
current fluctuations and electrical noise. First, the program calculates 
the standard deviation of the nanopore baseline current and then ini-
tializes the program with a user defined detection threshold, which is 
defined here as 4X the standard deviation of the background ionic cur-
rent. In each cycle, a cluster of sampled data points are considered 
collectively to downsample the signal and the mean value of the cluster 
is considered as the new data point. This new data point is compared 
with the previously calculated reference data point, and if the difference 
does not cross the threshold then the reference point is updated with a 
proportional control algorithm. As soon as the threshold is crossed, the 
program tags this event as a possible translocation event and then cal-
culates the peak height. When the current falls back below a predefined 
threshold within a user defined time (~10X longer than the expected 
translocation dwell time), the program saves the duration between this 
event and the threshold crossing event as the translocation dwell time, 
confirming it as a real translocation event. If the threshold is crossed by 
the nanopore current just because of a random baseline shifting event, 
the ionic current amplitude remains higher than the predefined 
threshold value within the user defined time. As a result, the program 
will discard the event as a timeout event. 

2.4. Details of the SARS-CoV-2 samples and the pulldown sequence 
design 

Synthetic RNA samples including fragments from ORF 1ab, Enve-
lope, and Nucleocapsid region of the SARS-CoV-2 genome were pur-
chased from American Type Culture Collection (ATCC: VR-3276SD). 
The stock concentration ranged from 1 × 105 to 1 × 106 copies/mL. 

Biotinylated synthetic capture pulldown probes (14-mer:/5Bio-
tinTEG/CATTTCGCTGATTT) were obtained from Integrated DNA 
Technologies, Inc. (IDT). They were designed to complement a part of 
the ORF 1ab region. (nt. 28,294-28,307; Severe acute respiratory syn-
drome coronavirus 2 isolate Wuhan-Hu-1, complete genome, NCBI 
Reference Sequence: NC_045512.2). The simulated melting temperature 
of this pulldown segment in 50 mM Na+ salt solution is 35.1 ◦C (http 
://biotools.nubic.northwestern.edu/OligoCalc.html). The pulldown 
oligo ensures specificity of the sample preparation process and is 

designed here to enable thermal release of the target particles at mod-
erate temperatures. 

1-μm diameter streptavidin coated magnetic beads (4 mg/mL) were 
purchased from New England Biolabs, Inc. The binding capacity of this 
magnetic bead is more than 500 pico-moles of single-stranded 20bp 
biotinylated oligonucleotide per mg. 

2.5. Experimental setup and TACRE implementation 

Fig. 1a shows a schematic view of the nanopore sensor and the 
experimental setup. At its heart is an 8 × 8 mm silicon chip on which six 
layers of alternating SiO2 and Ta2O5 were deposited to enable optical 
waveguiding in low index layers based on the ARROW principle 
(Duguay et al., 1986). On top of these layers, solid-core (SC) ARROWs 
(shown in gray) and a 5 μm × 12 μm microfluidic channel (shown in 
blue) that also functions as a liquid-core (LC) ARROW waveguide are 
defined using SiO2 deposition and a sacrificial layer process (Measor 
et al., 2011; Yin et al., 2004). A nanopore with 20 nm diameter was 
milled with a focused ion beam into the SiO2 layer over the liquid 
channel right next to the SC-LC interface at the end of the horizontal 
channel section (see Fig. 1a). More details of the device fabrication are 
provided in the Methods section. Three fluid reservoirs were attached at 
the ends of the liquid channel (#1 and #3) and over the nanopore (#2), 
respectively. Reservoirs were attached to the device with a thin layer of 
thermal curing glue. They allow for introduction of liquids and particles 
into the channel and facilitate the insertion of Ag/AgCl electrodes (each 
electrode was vertically inserted into each reservoir) to apply an elec-
trokinetic voltage VEK across the channel and a nanopore voltage VNP for 
inducing translocations, respectively. 

The optical trapping-assisted capture rate enhancement (TACRE) 
approach is implemented by delivering microbeads that carry target 
molecules (here SARS-CoV-2 RNAs) from reservoir 1 into the channel 
and then optically trapping them directly under the nanopore location. 
In this way, all targets reside within the high-field capture radius of the 
nanopore at dramatically increased local concentration (region II in 
Fig. 1b) and can be drawn rapidly and efficiently through the nanopore 
upon thermal release. This is in stark contrast to detection of targets 
from bulk solution, where only a few targets that diffuse from region (I) 
into the capture volume are detected. In order to reach the attomolar 
concentration levels found in clinical SARS-CoV-2 samples, the process 
needs to be efficient in target delivery, trapping at the pore, and target 
release. For optimized carrier bead delivery to the trapping region, we 
use a magnet to attract the magnetic carrier beads to the bottom of the 
reservoir 1, where they can be drawn into the fluidic channel by the 
electrokinetic force applied via VEK. Electrophoretic transport of beads 
to the nanopore is faster and more controllable than purely pressure- 
based flow, and a detailed analysis is given in supplementary section 
1. For efficient and simple trapping of the beads at the nanopore, we use 
a single optical beam to trap the carrier beads under the nanopore. As 
shown in Fig. 1a, a single-mode fiber is used to couple a laser beam (532 
nm, Lighthouse Photonics) into the SC-waveguide at the edge of the chip 
with subsequent propagation in the adjoining section of the LC wave-
guide. The scattering force of the beam, FO, is the result of momentum 
transfer from photons that scatter off of the magnetic beads and over-
comes the electrokinetic force, FE, and traps the beads against the 
channel wall. This approach provides a reproducible trapping location 
and a simplified optical setup compared to dual-beam or tweezer traps. 
Note that the optical force is only present in the horizontal channel 
section and, therefore, does not affect the continued electrokinetic de-
livery from reservoir 1 into this region. When a desired number of 
magnetic beads have been trapped under the nanopore, VEK is turned off 
and the beads remain immobilized due to the optical trapping force. 
Third, efficient capture of released target molecules by the nanopore is 
ensured by simultaneous application of heat on the heating block to 
release targets from the beads and the nanopore voltage VNP that initi-
ates the sensing process. The absence of a delay between the release and 
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sensing steps minimizes the possibility of target molecules escaping into 
the diffusion-limited region, making larger trapping enhancement fac-
tors possible as will be described below. 

Using this approach, molecular targets are presented to and detected 
by the nanopore in label-free and amplification-free fashion as shown by 
the representative current trace in Fig. 1d where translocations from 
individual RNA targets are observed with good signal-to-noise ratio and 
marked with red dots. Events were identified by a custom threshold 
algorithm that is described in more detail in the Methods section. Before 
we turn to a detailed discussion of the results using clinical SARS-CoV-2 
samples, we address the up-stream assay design that ensures specificity 
of the nanopore sensor. 

2.6. SARS-CoV-2 assay design 

When used as a molecular particle counter, nanopore sensors lack the 
specificity to reliably identify a particular target. In principle, different 
molecules produce different current blockade signatures, but in practice 
the variation in their signals is too large to ensure accurate analysis, 
especially in complex solutions such as bodily fluids. In order to preserve 
the label-free detection paradigm, a sample preparation process is 
required that ensures that the nanopore is only exposed to the target 
molecules. We use a modified version of a well-established magnetic 
bead-based solid phase extraction (SPE) method to provide the required 
specificity (Cai et al., 2016; Parks et al., 2014). Bead-based SPE is ideally 
suited for the TACRE assay as targets are selectively bound to the very 
microbeads that act as carriers to deliver them to the nanopore, and 
because SPE can be applied to different molecular target types, including 
nucleic acids, proteins, etc. (Meena et al., 2018). Fig. 2 illustrates the key 
elements of the SPE sample preparation process that was implemented 
for this work while a full step-by-step description is provided in the 
supplementary material. Streptavidin coated 1-μm magnetic beads (New 
England Biolabs, Inc.) were functionalized with 14-bp long biotinylated 
pulldown oligonucleotides specific to the ORF 1ab region of the 
SARS-CoV-2 genome (Fig. 2a). The specificity of this pulldown sequence 
to SARS-CoV-2 RNAs was verified by a negative control experiment with 
Zika virus nucleic acids and showed no false positives (Meena et al., 
2021). A relatively short pulldown sequence was chosen for compati-
bility with a moderate target release temperature at the nanopore of 
35.1 ◦C. To prepare the beads for the assay, a 5 μL aliquot of the beads at 
stock concentration (4 mg/mL) was washed 3x with pre-filtered 1X T50 
(50 mM NaCl, 10 mM Tris, pH 6.5) buffer solution and then 0.5 μL of 
100 μM biotinylated 14-bp pulldown sequence (purchased from IDT) 
was added with 6x molar excess to saturate the binding sites of each 
bead. The mixture was then kept on the rotary mixture at room tem-
perature for 1 h. After the incubation process, unattached pulldown 

sequences were removed by washing and the magnetic beads were 
resuspended in 5 μL of 1X T50 solution. 

To detect SARS-CoV-2 RNA in nasopharyngeal swab samples, human 
nasal swab samples that tested negatively for SARS-CoV-2 (confirmed by 
RT-qPCR) were collected by the UCSC Molecular Diagnostics Labora-
tory. A 10 μL aliquot of each sample was spiked with 10 μL of 1 × 109 

copies/mL synthesized SARS-CoV-2 RNA fragments (ATCC) for a target 
concentration of 5 × 108 copies/mL (Fig. 2b). As mentioned above, the 
target RNA fragments are extracted sequence specifically and immobi-
lized on the magnetic bead surface by a modified solid-phase extraction 
method (Cai et al., 2016; Parks et al., 2014). Secondary structures in the 
RNA were melted by incubating the solution on a heating block at 95 ◦C 
for 5 min, followed by the addition of 2.5 μL of 4 × 107 beads/mL of the 
functionalized magnetic bead solution to begin RNA hybridization. The 
number ratio between SARS-CoV-2 RNAs and magnetic beads corre-
sponds to an average number of 100 RNAs per bead. While the exact 
extraction efficiency is not known, the results of our concentration 
dependent assay (see Fig. 3d) suggest that this process worked with 
minimal loss. Since there are more than 105 binding sites on a bead, 
there is ample room for future optimization of the protocol, e.g for 
detection of higher concentrations, use of fewer beads for chip-based 
sample preparation, or to increase the throughput of the nanopore 
sensing step. To further increase the pulldown efficiency and accelerate 
annealing, the mixture was transferred to a 30 ◦C water bath for 1 min. 
Then the vial was gently flicked and centrifuged briefly, followed by 
1-min heating in a dry bath at 95 ◦C. The water bath cooling and dry 
bath heating steps were repeated four times to maximize the binding 
possibility of the target particles to the magnetic beads. Then the solu-
tion was kept in an ice bath for 30 min. During the final bead washing 
process, the unattached target RNA molecules and nasal swab super-
natant were discarded, followed by washing with 1x T50 buffer twice. 
The target-carrying magnetic beads (Fig. 2c) were resuspended in 1x 
T50 buffer with a final concentration of 3.3 × 106 beads/mL. An added 
2% w/v sodium dodecyl sulfate (SDS) surfactant helps reduce bead 
clogging inside the LC channel. The release temperature is set to 10 ◦C 
above the melting temperature between the pulldown sequence and the 
target (35.1 ◦C), to account for heat transfer loss from the heater block to 
the ARROW chip. We reiterate that this bead based SPE method offers 
flexibility for adjusting the bead number for measurements at different 
target concentrations to reach a desired number of targets per bead. Save 
for the different starting matrix, the same protocol was used for mea-
surements of targets in buffer solution. 

3. Results and discussion 

Fig. 1d already showed the experimentally observed nanopore 

Fig. 2. Flowchart of the magnetic-bead-based target extraction and preconcentration method. a, Magnetic carrier microbeads with 14 base pair long pulldown 
oligonucleotides. pd: pull-down sequence. b, SARS-CoV-2 negative human nasopharyngeal swab (NPS) solution and synthetic SARS-CoV-2 RNA solution is mixed 
with the magnetic carrier beads and processed using heating, magnetic pulldown, and washing steps to extract targets onto beads (details see main text). c, Target- 
functionalized magnetic carrier beads for detection on optofluidic nanopore chip. 
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current traces obtained from the clinical NP swab samples using bead- 
based SPE and TACRE-based detection from eight trapped beads, 
demonstrating the feasibility of this approach for label-free, amplifica-
tion-free diagnostics. In order to quantify the performance of the assay, 
we ran comparative assays with TACRE and without (i.e. detection from 
bulk solution), and over a large dynamic concentration range (104-109 

copies/mL) that exceeds the clinically relevant range of 104-106 copies/ 
mL (To et al., 2020). First, we assessed the speed of the TACRE-based 
assay. Fig. 3a shows a plot of real-time particle translocations versus 
running time for both TACRE and bulk control experiments at concen-
trations of 109 and 2 × 108 copies/mL, respectively. The control data 
(Fig. 3a top; blue bars) show stochastic, but continuous detection of 
small numbers of targets over the entire duration of the 5 min mea-
surement due to the slow, diffusion-limited target delivery to the pore. 
The TACRE experiment shows a qualitatively and quantitatively 
different picture. Here, 90 beads holding an approximate average of 5 
RNAs per bead were trapped at the nanopore. These target RNAs were 
released within the nanopore capture volume by increasing the tem-
perature to 45 ◦C for the first 150 s (indicated by gray bar in Fig. 3a). 
After the chip reached the desired temperature (monitored by the 
nanopore baseline current), we observe a sharp rise in the translocation 
rate between t = 57s and t = 63s during which 75% of the total of 677 
molecules were drawn through the nanopore and detected. This dem-
onstrates the effectiveness of the TACRE process for a full clinical assay. 
We note that thermally released targets from the beads remaining in 
reservoir 1 could not contribute to the translocation events by diffusing 
to the nanopore capture volume within the duration of the experiment. 

Next, we evaluated the suitability of this assay to cover the entire 
clinically relevant concentration range for COVID-19 (To et al., 2020). 

Fig. 3b shows the concentration of the control experiment with target 
RNAs spiked into buffer salt solution. Since this bulk solution test does 
not require bead pulldown, extraction of targets from nasal swabs was 
not necessary. We find that the number of translocations during the 360s 
detection window that represents a reasonable duration for a point of 
care test depends strongly on the concentration as expected for detection 
from bulk solution. While direct, label-free detection of single RNAs is 
indeed observed even in this arrangement, the assay has become unre-
liable at 105 copies/mL (2 ± 1 counts from three trials) and does not 
work at all at lower concentrations. Therefore, if we choose 10 trans-
location events with a standard deviation of less than 20% as the min-
imum number of events to positively identify the presence of 
SARS-CoV-2 RNAs, bulk detection has a limit of detection of 1 × 106 

copies/mL and misses essentially the entire clinical concentration range. 
In stark contrast, the TACRE process does not suffer from these limita-
tions and we can ensure that a sufficient number of carrier beads deliver 
at least 10 targets into the nanopore capture volume. Fig. 3c presents the 
concentration dependence of the TACRE assay. The solid circle marks 
the number of translocations (i.e. SARS-CoV-2 RNAs detected by the 
nanopore) for the clinical swab sample (c = 5 × 108 copies/mL). In this 
case, eight beads with an average 100 targets per bead were trapped and 
the measured number of detected RNAs is in excellent agreement with 
expectations (cross symbol). Another trial, with targets spiked into the 
same buffer solution that was used for the bulk experiments at a similar 
starting concentration (1 × 109 copies/mL), shows a very similar count 
(open circle) and again excellent agreement with the anticipated value. 
Clearly, the starting matrix (swab vs buffer) does not affect the outcome 
of the assay, and the remainder of the concentration series was carried 
out with RNA targets in buffer, analogous to the bulk series. We find that 

Fig. 3. SARS-CoV-2 nanopore TACRE assay. a, Real-time translocations of SARS-CoV-2 RNAs from TACRE method and control experiment. The gray region in the 
TACRE trace represents the 150s heating period for target release. b, Number of translocations from SARS-CoV-2 RNAs in bulk solution at different concentrations 
within 360s detection time window. c, Detection of SARS-CoV-2 RNAs at different initial concentrations with TACRE method. (Circles: data; crosses: predicted 
number of events). d, Number of translocations (red solid circles) vs initial target concentration normalized to the case of 10 trapped beads and 20 RNAs/bead. 
Purple solid line: expected number of translocations in (c) after normalization, which is 200 for all the concentrations. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the Web version of this article.) 
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at least ten counts are observed for all concentrations down to the lower 
clinical limit of 104 copies/mL and that there is always good agreement 
between experiment and the number of counts predicted by multiplying 
the number of trapped microbeads with the average number of targets 
attached to each bead. This demonstrates unequivocally label-free and 
amplification-free detection of SARS-CoV-2 RNAs over the entire clini-
cally relevant range. We emphasize that a linear dependence is not ex-
pected for this plot because the number of trapped beads and the 
average number of targets per bead varied between data points. On the 
other hand, given the agreement between data and predictions, it is 
possible to determine an unknown concentration from these data, i.e. 
from the number of translocations, number of trapped beads, and the 
concentration of magnetic beads used for extracting the targets. 

In order to further clarify the favorable scaling of the TACRE method 
with concentration, we present normalized values of the detected counts 
as solid circles in Fig. 3d. The normalization is based on a standard trial 
of 10 trapped beads with 20 RNAs/bead, which would result in 200 
counts independent of starting concentration and is represented by the 
solid purple line. For example, if only 5 beads were trapped with 8 
RNAs/bead, the observed count number would be multiplied by a factor 
of (10/5)*(20/8) = 5 to obtain the normalized value. We find that these 
normalized values are close to 200 (within a factor of two) across the 
entire concentration range, which confirms that the TACRE assay is not 
limited at low concentrations in the same way as a bulk experiment. 
Indeed, the normalized counts at the lowest and highest concentration 
(167 and 225, respectively) are nearly identical to each other and the 
ideal value of 200. This shows that the capture process during the 
sample preparation phase was equally efficient at all concentrations and 
validates our earlier RNA-per-bead estimates. We can also conclude that 
the assay can readily be extended to even lower concentrations by 
increasing the number of trapped beads and/or mixing fewer capture 
beads with the sample to increase the number of targets per bead. 

We now turn our attention to quantifying the benefits of the TACRE 
process in terms of the increased local concentration within the nano-
pore capture volume which is critical for reaching clinically relevant 

concentration levels as described above. To quantify the local target 
concentration near the nanopore during the TACRE experiments with 
SARS-CoV-2 RNAs, the capture volume is estimated from the bulk 
experiment as described in more detail in supplementary section 4. 
Using the calculated value of 1,309 μm3, the local target concentration 
for both the bulk control (solid blue line) and TACRE (red circles) assays 
of Fig. 3c is plotted versus starting concentration in Fig. 4a. The bulk 
control curve shows a trivial linear dependence as the concentration at 
the nanopore is the same as in the rest of the channel. In the case of the 
TACRE assay, however, we observe local target concentrations that are 
orders of magnitude higher than the bulk value and can be maintained at 
picomolar levels even for initial concentrations in the attomolar range. 
This demonstrates that the TACRE approach is very efficient, even for a 
relatively small number of trapped carrier beads, and scales favorably to 
low concentrations. Indeed, the largest local concentration enhance-
ment of a factor of 7.8 × 105 was observed for the lowest initial target 
concentration of 17 aM. 

Finally, we take a look at the improvements to the assay dynamics, i. 
e. the increase in assay detection speed enabled by the TACRE approach. 
To quantify this important benefit, we define a translocation rate 
enhancement as the ratio of peak translocation rate at each concentra-
tion of the TACRE assay and the rate of particle counts over the 360 s 
duration of the assay for the control case. Fig. 4b shows the cumulative 
target counts for the TACRE and bulk assays of Fig. 3a. The capture rates 
at different concentrations are then extracted from their respective 
linear fits and displayed in Fig. 4c along with the resulting enhancement 
factor for the clinically relevant concentration range of SARS-CoV-2 
infection. Again, we find that the TACRE process becomes more 
powerful as the concentration decreases, and a record enhancement 
factor of 2,075x is observed at 1 × 105 copies/mL. This corresponds to 
an over 2,000 times reduction in the time needed to detect the same 
number of target molecules. Since no targets were detected in the con-
trol experiment at 104 copies/mL, the TACRE factor would nominally be 
infinite. With long enough assay times, the control experiment would 
produce counts and a finite enhancement factor, but it is safe to assume 

Fig. 4. Target concentration enhancement and capture rate enhancement of TACRE method. a, Target concentration within the nanopore capture volume 
obtained by TACRE (open and closed circles) vs. initial target concentration in the bulk solution. Blue line: Target concentration at nanopore for control experiment 
(equal to starting concentration). b, Cumulative number of translocations of TACRE and control experiments over time. The slopes of the fitted lines represent the 
translocation rates. c, Capture rates and enhancements at different concentrations calculated from the respective fitted rates. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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that this factor would significantly exceed the demonstrated value of 
2,075x. 

4. Conclusion 

In summary, we have demonstrated a label-free and amplification- 
free assay for detection of SARS-CoV-2 RNAs in clinical samples on a 
nanopore-optofluidic chip. The use of target delivery to the nanopore via 
optical trapping of carrier microbeads at the pore solved the major issues 
of specificity and low detection rates commonly faced by nanopore 
sensors. The TACRE assay showed vastly superior performance over bulk 
solution-based analysis in terms of limit of detection, dynamic range, 
and detection speed with an improvement by more than three orders of 
magnitude. The assay was demonstrated with clinical nasopharyngeal 
swab samples and showed a dynamic range of 5 logs, covering the entire 
clinically relevant concentration range down to a concentration of 17 
aM. The assay can be readily applied to detection of other infectious 
diseases that have comparable dynamic ranges (de Laval et al., 2017; 
Kuypers et al., 2006; Towner et al., 2004). It can also be improved, e.g. 
by increasing the number of trapped beads and their target loads, 
modifying the trapping process, or optimizing the target release method. 
These modifications can lead to even larger enhancement factors and 
lower limits of detection. Furthermore, the TACRE assay can be func-
tionally expanded, e.g. by applying the assay to protein targets (Meena 
et al., 2018), by implementing the sample preparation step on a chip 
(Meena et al., 2018), implementing multi-channel, multiplex detection, 
or by applying advanced signal processing for real-time analysis of the 
nanopore signals. As a result, this integrated nanopore sensor has the 
potential to be used as a simple, ultrasensitive, and rapid molecular 
analysis tool with a diverse range of applications in disease diagnostics 
and biomedicine. 
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