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Abstract

Viral infections are a major global health issue, but no current method allows rapid, direct, and
ultrasensitive quantification of intact viruses with the ability to inform infectivity, causing
misdiagnoses and spread of the viruses. Here, we report a method for direct detection and
differentiation of infectious from noninfectious human adenovirus and SARS-CoV-2, as well as
from other virus types, without any sample pretreatment. DNA aptamers are selected from a DNA
library to bind intact infectious, but not noninfectious virus, and then incorporated into a solid state
nanopore, which allows strong confinement of the virus to enhance sensitivity down to 1 pfu/mL
for human adenovirus and 1x10* copies/mL for SARS-CoV-2. Our method matches the gold
standard of plaque assay for direct viral detection that can inform infectivity, while taking much
shorter time to obtain results and detecting viruses that are not culturable by the plaque assay.
Applications of the aptamer-nanopore sensors in different types of water samples, saliva, and serum
are demonstrated for both enveloped and non-enveloped viruses, making the sensor generally
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applicable for detecting these and other emerging viruses of environmental and public health
concern.

Teaser
A novel sensor that can not only detect human adenovirus and SARS-CoV-2 in real world samples
but also tell if they are infectious or not.

MAIN TEXT

Introduction

Viral infections are an important public health issue, as viral outbreaks, such as the recent COVID-
19 pandemic, have resulted in enormous economic and societal impacts around the world. Critical
to addressing this issue is timely and accurate viral diagnosis in both biological and environmental
samples to enable the prompt treatment of viral infections while preventing the spread of viruses.
It is thus important to develop a method that can rapidly detect virus particles at extremely low
levels in complex samples (/) and without sample pretreatment to minimize false negative and false
positive results. Of the widely used existing viral detection methods, viral nucleic acid detection
with quantitative polymerase chain reaction (QPCR) has become the reference standard method due
to its high sensitivity. However, this detection process requires long analysis time and expensive
laboratory instruments, which limits its speed and availability. Other nucleic acid detection methods
have been developed to address some of these issues to make tests based on genome detection more
portable and accessible (2, 3). However, they still generally require sample pretreatment to extract
the viral RNA and equipment to control the temperature during amplification (4). Alternatively,
serological tests that detect antibodies (5) or immuno-tests that detect antigens (6) have shown
potential to provide results at faster speed and requiring less sample pretreatment. However,
antibodies produced in patients can only be detected 1-2 weeks after disease onset as opposed to
viral RNA, which can be detected within the first few days (7). As such, serological tests are
generally not suitable for viral disease diagnosis. Additionally, direct antigen detection generally
has lower specificity and sensitivity compared to the nucleic acid-based tests (8).

Most critically, none of the current COVID-19 tests are able to differentiate infectious from
noninfectious viruses, because the detection of viral nucleic acids, patient antibodies, or antigens
alone does not indicate that intact infectious virus is present and levels of these biomarkers have
shown poor correlation with infectivity (9). For instance, it has been shown that the SARS-CoV-2
viral RNA can remain detectable in some patients for more than 1 month after onset of illness, while
viable virus could not be detected by culture after week 3 (/0). In addition, viruses present in
environmental samples, such as in air, water, or on different surfaces, can also be a major route for
spreading infection. However, tests which are based on detection of viral nucleic acids or proteins
cannot determine if the virus has been rendered noninfectious (inactivated) or is still infectious
(active). The gold standard method for direct detection of viruses that can inform infectivity
continues to be microbiology techniques, namely: plaque assays, however, it takes several days to
grow plaques and requires growing the virus within host cells, which increases the required labor,
expertise, and equipment and will not work for viruses that do not replicate well in cell culture
systems (/7). Therefore, despite many years of research and numerous publications, no existing
method can allow direct and ultrasensitive detection and quantification of intact viruses with the
ability to inform on infectivity. As a result, misdiagnoses and delayed treatment continue to occur
daily and worldwide, especially given the fact that many asymptomatic people can transmit viruses
unknowingly, which can result in further spread of viral disease.
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To overcome the limitations of current methods, we herein report an efficient method for
direct detection of intact viruses without sample pretreatment, with the ability to differentiate
infectious from noninfectious viruses and to reach low detection limits. Our method integrates a
highly selective DNA aptamer with a highly sensitive solid-state nanopore to selectively detect
infectious viruses in both biological and environmental samples. This aptamer-nanopore sensor has
been demonstrated for both human adenovirus (HAdV), which is a non-enveloped dsDNA virus
that is responsible for respiratory water-borne diseases that especially affect children worldwide
(12); and also a SARS-CoV-2 pseudotyped virus that incorporates the spike (S) protein of SARS-
CoV-2 into a lentivirus, which mimic the surface of the native SARS-CoV-2, the novel enveloped
ssSRNA coronavirus that is responsible for the current COVID-19 pandemic. The wide diversity in
viruses that our sensor can detect, both in terms of viral genome and envelope type, demonstrates
that our method is generally applicable to a wide range of current and future emerging viruses.

Results

To assess the infectivity of a virus, a major challenge is finding a sensing molecule that can
bind and selectively recognize intact infectious viruses, and differentiate it from both the same virus
that has been rendered noninfectious and also from other viruses. To meet this challenge, we utilized
DNA aptamers as the recognition agent to selectively bind to an intact infectious virus. These DNA
aptamers are DNA molecules with a specific sequence that allow them to form a specific 3D shape
that can recognize a certain target with high affinity and selectivity that rivals antibodies and yet
are less expensive and more stable (/3). They can be obtained synthetically in a test tube using a
combinatorial selection technique called systematic evolution of ligands by exponential enrichment
(SELEX) or in vitro selection, in which sequences with high affinity are enriched from a DNA
library of 10'® random sequences. Multiple selection rounds can be performed to gradually enrich
the pool, with PCR amplification used in between rounds to restore the amount of DNA before each
subsequent round. Additionally, the conditions for SELEX can be tailor-made to remove competing
targets from known interfering species using counter selection (/4). For the first selection target,
HAdV, we designed the SELEX to include both positive selection steps to retain any DNA
molecules that bind to infectious HAdV, and counter selection steps to discard any DNA sequences
that bind to the same HAdV that had been rendered noninfectious by free chlorine treatment (/5).
A schematic representation of the selection process is shown in Fig. 1A, and details of the positive
and counter selections are given in Methods section and Table 1. Additionally, SELEX was
performed using the whole virus as the target, instead of a specific biomarker for the virus, such as
a viral surface protein. In doing so, we aimed to select aptamers that will bind to the target in its
native state, without the need for disruption of the virus (/6—19). This method thus allows us to
obtain recognition agents based on functional differences of the virus surface, which do not need to
be known in advance. This ability is especially advantageous for the specific detection of infectious
viruses, since the specific differences between infectious and noninfectious viruses, such as those
rendered noninfectious through decontamination of surfaces or by the immune system in the body,
is often not clearly understood, so SELEX is one of the only methods to obtain infectivity-specific
recognition agents without any such foreknowledge of these differences. It has been reported that
free chlorination treatment produces chemical modification on different residues of the protein on
the surface of the virus while maintaining intact virus assemblies (/5). For example, exposure of
HAdV-2 to both free chlorine (20) and UV light (27) inhibited steps between attachment to the host
cell and early protein RNA synthesis, most of which involving motifs of the three external capsid
proteins (fiber, penton base, and hexon). Therefore, we hypothesize that, by using positive selection
of aptamers that can bind infectious viruses with unmodified surface residues and counter selection
to remove sequences that can bind disinfected viruses that have modified surface residues, we will
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be able to obtain a highly selective aptamer that can distinguish functional differences of whether
the virus is infectious or not. In order to characterize the functional state of the virus and the
concentration of HAdV that are infectious, plaque assay was used. This is the only method that can
differentiate infectious from non-infectious virus, as opposed to methods based on nucleic acid
detection, such us qPCR(/1, 22), and, thus, is the assay that is used in this work to benchmark our
results.

To monitor the selection progress, we used the qPCR technique to measure both the elution
yield, defined as the amount of ssDNA bound to infectious HAdV divided by the total amount of
added ssDNA (Fig. S1A); and the shift in melting curves after qPCR to assess sequence diversity
of the DNA pools (23) (Fig. S1B). We then used high-throughput sequencing (HTS) to analyze the
sequences from several selection rounds, allowing us to track the evolution of individual sequences
over multiple selections rounds, and to identify “winner” aptamer sequences that are enriched with
subsequent rounds, using the FASTAptamer analysis toolkit (24, 25). From this analysis, we
identified a sequence, named HAdV-Seq4, that has been enriched over consecutive selection rounds
(Fig. S1C) and predicted its secondary structure using UNAFold (Fig. S1D).

To characterize the binding affinity of HAdV-Seq4 to the virus target, we used both
enzyme-linked oligonucleotide assay (ELONA) to obtain a dissociation constant (Kq) of (0.9+0.1)
nM (Fig. 1B), which is at least one order of magnitude stronger than Kq4's of previously reported
aptamers for other viral particles (26—28); and thermofluorimetric analysis (TFA) (29, 30) to obtain
a Kq of (3.6 = 0.6) x 10* pfu/mL (Fig. S2A, purple). For both assays, noninfectious HAdV gave a
much lower signal (Fig. 1B, Fig. S2B). The above results strongly suggest that the HAdV-Seq4
aptamer has a remarkably high affinity and selectivity for infectious HAdV over noninfectious
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Fig. 1. In vitro selection of infectious adenovirus-specific aptamer. (A) Schematic representation
of the in vitro selection process for HAdV. Positive and counter selections steps were added in each
round to reach high specificity toward infectious virus. (B) Binding curves obtained from the
ELONA assay. The dissociation constant (Kq) of the HAdV-Seq4 aptamer for infectious HAdV
(0.9 nM) is more than 100 times higher than for noninfectious HAdV. n = 3 technical replicates
(mean £ SD).

To meet the ultrahigh sensitivity required for virus detection, we integrated the aptamers
into solid-state nanopores (3/, 32). Recognition elements, such as synthetic peptides, have
previously been incorporated into nanopores to gain selectivity (33). However, with the pulsing-
resistive approach used in these studies, the current signature detected still requires complex
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analysis to reach analyte selectivity. In contrast, single asymmetric nanochannel sensors in
polymeric thick membranes can be characterized through steady-state current-voltage (I-V)
measurements by sweeping the transmembrane potential at low frequencies (<0.1 Hz). This method
significantly simplifies the signal detection and allows for direct detection of binding events that
occur in sensing elements upon target recognition (37, 34), resulting in remarkable signal
amplification capacity, as have been demonstrated for protein, DNA (35, 36) and small molecule
detection (37). Moreover, the steady-state I-V curves contain precise information that is essential
for quantification, background subtraction, and identification of potential interfering species.

Therefore, to construct a highly sensitive sensor, we fabricated single nanochannel
membranes by irradiation of polyethylene teraphthalate (PET) films with single swift heavy ions,
and subsequent chemical etching of the generated single ion track. During the chemical etching
process, both shape and size of the nanopore were adjusted to obtain a single bullet-shaped
nanopore with dimensions less than 55nm in the narrow entrance (tip) and several hundreds of nm
in the opposite entrance (base) (38, 39). A smaller tip size is necessary to enhance the sensitivity of
the system, i.e. to enhance the variation in current signal when the virus binds to the pore. The
HAdV-Seq4 aptamer was immobilized onto the inner wall of the nanopore after etching by
EDC/Sulfo-NHS coupling between the carboxylate groups present on the surface of the nanopore
after etching and the NH>-modified HAdV-Seq4 aptamer (Fig. 2A, Fig. S3)(40). To prevent the
nanopore surface from interfering with the aptamer binding to its target, a spacer was added
between the amine group and the aptamer (Fig. S3B) The above modification procedure was
verified by the current-voltage (I-V) measurements, showing a decrease in the current after grafting
the aptamer onto the nanopore (Fig. S3A), due to a decrease in the effective nanochannel cross
section due to the presence of the DNA.

We first determined the sensitivity of the aptamer-nanopore system for detecting HAdV by
evaluating the ion transport property changes as a function of the HAdV concentrations (Fig. S4).
The virus samples were incorporated to the reservoir facing the base of the nanopore (900 + 100
nm) and incubated for 30 min with the aptamer-nanopore system, followed by washing once with
water to remove the excess of virus and then measuring the [-V characteristic curve in a KC1 0.1M
solution (scheme in Fig 2B). We applied the virus samples to the reservoir facing the base of the
nanopore to allow the virus to enter the nanopore and bind to the aptamer that is coated on the inside
of the pore (Fig S5). We propose that the capture of the virus inside the nanopore produces a strong
confinement, as the nanopore is ten times larger than the virus, resulting in a consequent signal
amplification. The rectification efficiencies (fr.c) were normalized by dividing each fiec from the
samples containing viruses by the fi.c of the same system in the presence of just buffer (fiec,0), to
account for slight differences in the I-V curves characteristic for each nanopore after etching. Figure
2C shows the normalized rectification efficiency (freenorm) versus the concentration of virus. No
significant change in the f..cnorm was observed after incubation with the infectious HAdV when
the nanopore was not functionalized with the aptamer (Fig. 2C, black). Once the aptamer was
grafted on the inner wall of the nanopore, the fieecnorm decreased with increasing amount of the
infectious HAdV (Fig. 2C, purple), due to a change in the effective pore size with the virus
incorporation, and thus in the ion transport properties. We have quantified the infectious HAdV
concentration using plaque assays and benchmarked our results with this gold standard method to
quantify infectious virus, since simpler and more recently developed methods like qPCR and
immunoassays fail to determine infectivity status of the viruses (//) (Supplementary text 1). We
were able to quantify the infectious HAdV in a broad range, from 6 pfu/mL to 6x10* pfu/mL (Fig.
S6A), with the ability to detect the HAdV down to 1 pfu/mL (Fig. S6B, Supplementary text 2). At
such a low level of detection, the diffusion of the viral particles into the nanopore can be rate
limiting. To determine the contribution of mass transport on our nanopore signal experiments,
magnetic stirring was incorporated during the virus incubation step (Fig. S7). We found that the
transport of virus to the nanopores is limiting the nanopore signal only for concentrations lower
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than 20 pfu/mL. However, incubation for thirty minutes was sufficient to obtain enough signal for
detection, due to the high sensitivity of the nanopore.
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Fig. 2. Infectious HAdV detection using aptamer-functionalized nanopore sensors. (A)
Scheme depicting the modification of the nanopore and the interaction of the aptamer with
infectious HAdV samples. (B) Scheme of infectious HAdV detection by the aptamer-nanopore
system. (C) Normalized rectification efficiencies (frecnorm) versus virus concentration. n=3,
technical replicates (mean = SD). When no aptamer was added on the nanopore (black), no change
in the fr.cnorm was observed for infectious HAdV. Colors correspond to the nanopore modified
with NH>-Ci2-aptamer for different concentrations of noninfectious virus (green) and infectious
virus (purple). (D) Selectivity assay. Inverse of the fiecnorm obtained for infectious HAAV
(HAdV-2), two noninfectious HAdVs using different inactivation mechanisms: free chlorine (ClI-
inact) and UV-light (UV-inact), and two other viruses: Coxsackievirus B5 (CoxV) and Murine
Norovirus (MNV). The concentration of each virus is 5x10* pfu/mL. (E) Inverse of the fiecnorm
obtained for different serotypes of infectious adenovirus (HAdV-2, HAdV-5 and HAdV-40) and
comparison with an inactivated-HAdV sample at the same concentration (1x10° pfu/mL).

To demonstrate the selectivity of our aptamer-nanopore sensor, we measured the
rectification current in the presence of only noninfectious HAdV and other viruses. No significant
change in the ficnorm was observed in the presence of a wide range of concentrations of
noninfectious HAdV (Fig. 2D) after incubated them for 30min, indicating high selectivity against
noninfectious HAdV. Moreover, the sensor also shows remarkable selectivity against ultraviolet
light-inactivated HAdV-2 (UV-inact), as well as against high concentrations of other waterborne
viruses: Coxsackievirus B5 (CoxV) and Murine Norovirus (MNV) (Fig. 2D). In addition, we tested
the sensor with different infectious HAdV serotypes, such as HAdV-2, HAdV-5, and HAdV-40
(Fig. 2E). Although the HAdV-Seq4 aptamer was selected against HAdV-2, it can recognize all
three different serotypes of infectious adenoviruses tested. Among the serotypes, HAdV-40 is a
type of HAdV that cannot replicate well in cell culture systems and thus is not as readily detectable
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by a standard plaque assay. The fact that aptamer is able to detect other infectious HAdV serotypes
supports that they may share a common structural motif that the aptamer can recognize, making it
possible for our aptamer to detect many infectious HAdV serotypes, even if we select the aptamer
to bind only one type. As a result, our method cannot differentiate virus subtypes in mixed samples.
On the other hand, the signal obtained at the same concentration of virus is not always the same; it
is particularly interesting to notice that the signal change for HAdV-2 and HAdV-5 are similar
while for HAdV-40 is lower. This difference may correlate with slight differences in affinity as the
aptamer was selected with the unique surface of HAdV-2. Overall, we successfully obtained a

sensor that detect various infectious serotypes of adenoviruses, but not those that have been
inactivated by disinfection methods.

Furthermore, we found that the sensor could quantify infectious HAdV in a mixture of
infectious and non-infectious HAdV (Fig. S8) and showed a high degree of correlation with a
plaque assay as a benchmark (Fig. 3A). The ability of our sensor to quantify infectious HAdV in
real environmental samples was also tested with various types of samples, including drinking water
samples from tap water in Champaign (IL, US), drinking water samples from a borehole in a
secondary school in Uganda (Africa), and wastewater effluent samples (IL, US). The three samples
were measured using the sensor without any pretreatment of the water (Fig. S9) and the results were
compared with the plaque assay results (Fig. 3B). For both drinking water samples, the recovery
yield was (102.5 + 5.5)%, while for the wastewater effluent the recovery yield was (95 = 7)%,
indicating that our sensor can quantify infectious HAdV in real water samples despite the presence
of potential interfering background substances. Furthermore, when a 99.9% inactivated HAdV was
spiked into these water samples, it was possible to quantify 10 pfu/mL of infectious HAdV in the
presence of 7x10° pfu/mL total HAdV, in all cases (Fig. S10). Overall, these results demonstrate

that the performance of the aptamer-nanopore sensor is largely unaffected by the complex matrices
of the real water samples.
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Fig. 3. Direct quantification of infectious HAdV in real samples with the aptamer-nanopore
system. (A) Quantification of infectious HAdV in a mixture of infectious and noninfectious HAdV
by comparison of aptamer-nanopore sensor (y-axis) with plaque assay (x-axis). (B) Quantification
of infectious HAdV in different real water samples without any pretreatment or dilution by
comparison of aptamer-nanopore sensor (y-axis) with plaque assay (x-axis). (C) Quantification of
infectious HAdV in human serum and saliva without dilution of the biological sample by

comparison of aptamer-nanopore sensor (y-axis) with plaque assay (x-axis). n=3, technical
replicates (mean + SD).

To extend this aptamer-nanopore sensor for rapid diagnostics of infectious HAdV directly
from bodily fluids, we spiked 1.5ml of human serum and saliva with 15ul of infectious HAdV
solution of different concentrations; therefore, avoiding significant dilution of the biological
sample. We observed a decrease in the frecnorm with different concentrations of infectious HAdV
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(Fig. S11), and their performance was similar to those measured in buffer (Fig. 3C). In our
approach, the signals from interfering species in human serum and saliva samples can be removed
readily by a washing step to remove those species that do not bind to the aptamer and by measuring
the I-V curve in the sample without virus and normalizing the frc to obtain the fiecnorm signal.
These results demonstrated the advantage of obtaining the precise information that the I-V curve
contains, that is essential not only for quantification but also for a simple background subtraction
and removal of potential interferences, that is not possible with other nanopore methods. However,
we cannot rule out the possibility of the geometry of the nanopore itself contributing as well to the
results in real samples.

Since our selection method does not depend on known biomarkers to differentiate infectious
and non-infectious viruses, it can be readily applied to newly emerging viruses, which have been
appearing worldwide at an increasing rate, without any information about the inactivation
mechanism. To demonstrate the generality of our method, we applied our sensor to detect SARS-
CoV-2, the newly emerged coronavirus responsible for the COVID-19 pandemic, which has
infected nearly 120 million people and resulted in more than 2.3 million deaths worldwide as of
late-February 2021. To retain the advantages of applying a whole-virus in-vitro selection approach
in applying our sensor to SARS-CoV-2, which is classified as a Biosafety Level 3 (BSL-3) agent,
in-vitro selection was performed using a pseudotyped SARS-CoV-2 virus. The pseudotyped virus
is generated from a lentivirus (HIV) that displays the SARS-CoV-2 spike (S) protein within the
viral envelope, and thus closely mimics the surface and entry mechanism of SARS-CoV-2 but are
defective in continuous viral replication (47, 42) (Supplementary text 3). Since our SELEX strategy
to differentiate infectious from noninfectious viruses depends only on the surface of the viruses,
using this pseudotyped virus allowed us to work in a BSL-2 lab. Because of their advantage at
modelling the SARS-CoV-2 surface and entry mechanisms requiring only a BSL-2 laboratory,
pseudotyped SARS-CoV-2 have been used previously to study the cell type susceptibility, virus
receptor, entry pathway, and protease priming for SARS-CoV-2, and also to identify several
potential drug targets and neutralizing antibodies for SARS-CoV-2 (43). Thus, pseudotyped SARS-
CoV-2 has been widely used as a reliable and robust model for infectivity.

To achieve high selectivity against active SARS-CoV-2 over inactive SARS-CoV-2, we
performed counter selection against UV-light inactivated pseudotyped SARS-CoV-2 (Fig. S12).
UV-inactivation produces damage in the genome and in the proteins on the surface of the virus,
while largely maintaining the intact virus structure. Furthermore, to obtain an aptamer with the
ability to distinguish against other viruses, including very similar coronaviruses, we incorporated
counter-selection against a lentivirus pseudotyped with SARS-CoV-1 S protein and a lentivirus
pseudotyped with influenza hemagglutinin 5 and neuraminidase 1 proteins (H5SN1). Ten rounds of
selection were performed (Fig. S13). After sequencing different rounds with HTS, we identified a
sequence, named SARS2-AR10, that showed good enrichment over subsequent selection rounds
(Fig. S13C). ELONA results showed a Ky of (79£28) nM with high selectivity against UV-
inactivated pseudotyped SARS-CoV-2 (Fig. S14), and Microscale Thermophoresis (MST) also
showed that SARS2-AR10 binds to active SARS-CoV-2 but not to UV-inactivated pseudotyped
SARS-CoV-2 or other viruses like 229E coronavirus, pseudotyped SARS-CoV-1, or pseudotyped
influenza H5N1 (Fig. S15), demonstrating the high selectivity of SARS2-AR10 toward active
SARS-CoV-2. For COVID-19 diagnostic, it is important to differentiate between different
coronaviruses; thus, strict counter selection steps were applied to tune the selectivity of the SARS2-
AR10 aptamer

To gain insights into SARS2-AR10 selectivity, we assessed the binding of our aptamer to
isolated SARS-CoV-2 S1 protein in solution with and without UV-treatment using ELONA assay
the binding curve. Fig. S16 shows that SARS2-AR10 binds to the active S1 domain with a lower
affinity than toward pseudotyped SARS-CoV-2. This is an expected result since the aptamer was
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selected using the pseudovirus, which mimics SARS-CoV-2 spike protein in its native
conformation, and thus it likely binds better to the accessible surface residues of spike protein of
SARS-COV-2, not those embedded within the envelope proteins in the pseudovirus. In addition,
since the trimeric spike protein assembles on the surface of the virus in trimers, our aptamers likely
bind these spike proteins, but not individual spike protein. Furthermore, the affinity of the aptamer
toward the UV-inactivated S1 protein is lower. These results suggest that the specificity is mainly
achieved through protein recognition and inactivating modifications.

We then determined the ability of the SARS2-AR10-nanopore system to detect and quantify
SARS-CoV-2 with different concentrations of active pseudotyped SARS-CoV-2 after 30 min and
2 hr virus incubation (Fig. S17). An increase in the virus incubation time resulted in a higher
sensitivity and lower detection limit. With 2 hr incubation, the sensor detected as low as 1x10*
copies/mL and quantified a broad range of virus concentrations, from 1x10* copies/mL to 1x10*
copies/mL (Fig 4A). Thus our method can reach the lowest detectable concentrations in individuals
that have tested positive for SARS-CoV-2 in saliva and nasal swabs (/). Furthermore, the lowest
detectable concentration of our method (1x10* copies/mL) is similar to the detection limit reached
by RT-PCR (3x10° copies/mL) (44) and other nucleic acid detection methods, for instance those
based on LAMP reaction (5x10* copies/mL) (2, 45). We further tested the selectivity of our
aptamer-nanopore sensor against inactive SARS-CoV-2 (Fig 4A) and against an endemic
coronavirus that produces the common cold, 229E coronavirus, as well as pseudotyped SARS-
CoV-1 and H5NI influenza virus (Fig. 4B) and found no significant change, supporting the high
selectivity of our sensor for active SARS-CoV-2 against inactive SARS-CoV-2, other
coronaviruses, and influenza virus.

A B c
Virus concentration= 1x10° copies/ml 2 o7l .
1.0 =] o
2 .
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Fig. 4. Quantification of active pseudotyped SARS-CoV-2 with the aptamer-nanopore system.
(A) Normalized rectification efficiencies versus virus concentration. n=3, technical replicates.
Colors correspond to the nanopore modified with different concentrations of UV-inactivated
pseudotyped SARS-CoV-2 (blue) and active pseudotyped SARS-CoV-2 (red) (B) Selectivity assay.
Inverse of the frecnorm obtained for active pseudotyped SARS-CoV-2 (SARS-2), UV-inactivated
pseudotyped SARS-CoV-2 samples (UV-SARS-2); another coronavirus: 229E, and two other
pseudoviruses: SARS-CoV-1 (SARS-1) and influenza virus (H5N1). The concentration of each
virus is 1x10% copies/mL. (C) Comparison of aptamer-nanopore sensor (y-axis) with luciferase
assay (x-axis) to quantify active pseudotyped SARS-CoV-2 in human saliva without dilution of the
biological sample. n=3, technical replicates (mean = SD). Each of these measurements was
performed with a new membrane.

Finally, we spiked 12 human saliva samples with different concentrations of active
pseudotyped SARS-CoV-2 and observed a decrease in the f.cnorm with different concentrations of
active SARS-CoV-2 (Fig. S18). The results show a good correlation between the concentration
calculated using the obtained frecnorm in saliva compared with the concentration measured with
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luciferase assay (Fig 4C), indicating that our aptamer-nanopore system can quantify pseudotyped
SARS-CoV-2 in saliva without any pretreatment of the biological sample. When we immobilized
a control sequences in the nanopore and we repeat the experiment under the same conditions with
a high concentration (1x10’copies/mL) of spiked pseudotyped SARS-CoV-2 in saliva, we observed
no significant change in the nanopore signal (Fig. S19). Therefore, the changes in the frecnorm are
related to the specific binding of the SARS-CoV-2 to the aptamer.

Discussion

The sensitivity of our method rivals those for standard viral assay methods such as the plaque assay
and qPCR with the major advantage being that it is much faster (30 min to 2 hours), as we do not
need to wait for plaques to fully develop (e.g., 10 days for HAdV) or the genome to be extracted
and replicate (e.g., 24 hours for HAdV). In addition, our method can detect infectious viruses that
cannot replicate well in cell culture systems, such as HAdV-40, and thus are not readily detectable
by the standard plaque assay. The sensitivity enhancement and low LOD obtained with the aptamer-
nanopore may be related to two main factors. First, viruses are known to present multiple antigens
(e.g., S protein for SARS-CoV-2) on the surface and thus multiple identical binding sites for the
aptamers. Thus these multivalent binding avidity can increase the sensitivity, as reported previously
(46). In addition, it has been demonstrated that the presence of charged groups on the nanopore
walls, such as DNA aptamers, can lead to strong ionic preconcentration effects inside the nanopore.
Such a nanoconfinement effect is also known to increase the sensitivity (47, 48).

In comparison to qPCR or other nucleic acid detection-based tests, our system can detect intact
viruses directly in real samples, without the need to collect and disrupt the viruses for nucleic acid
extraction, thereby resulting in high selectivity against noninfectious virus. Additionally, these
simpler and more recently developed methods based on nucleic acid detection cannot inform virus
infectivity and thus, in this work, the only gold standard method available to benchmark our
aptamer-nanopore sensor was the plaque assay.

We choose free chlorine as the disinfection method for HAdV-2 in water, because it is the most
common disinfection method for treatment of water samples. To demonstrate that the same method
of SELEX can be applied to other disinfection methods, we further showed that our method could
also distinguish active from UV-inactivated SARS-CoV-2 pseudovirus, suggesting that we can
achieve selectivity regardless which of these two procedures are used for inactivation. Furthermore,
since our aptamer can differentiate infectious from noninfectious viruses, a detailed characterization
of the binding targets of our aptamers can also be applied to reveal surface changes responsible for
the loss of infectivity for each of the inactivation treatment.

We were able to successfully apply the aptamer-nanopore system to two different type of viruses,
showing the broad application range of our approach. On one hand, the HAdV is a non-enveloped
virus, with a protein capsid as the surface, which makes it more rigid and probably with a compact
surface charge; while SARS-CoV-2 is an enveloped virus, where the surface consists of a more
flexible lipid bilayer in which surface proteins are embedded. These surface differences can affect
the nanopore response, which is highly dependent on the charge and size of the target. These
viruses’ differences as well as differences in the binding affinities of the aptamers, where the
HAdV-Seq4 has 80 times stronger affinity than SARS2-AR10, can explain the different responses
in terms of virus incubation time and analytical performance. Thus, further optimization of the
aptamer sequence could help to decrease the incubation time needed to reach the same sensitivity
and detection limit for SARS2-AR10 as for HAdV-Seq4. Additionally, since several aptamers for
the spike protein, S1 domain or RBD of the spike protein of SARS-CoV-2 have been reported (49—
51) since our work has begun, immobilizing these aptamers into the nanopore will further enhance
LoD and sensitivity.
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Furthermore, our SELEX strategy to differentiate infectious from noninfectious viruses depends
only on the surface of the viruses, thus aptamer selection can proceed on pseudotyped viruses,
lessening the need of working with new emerging pathogens that are classified as BSL-3 with very
restricted worldwide availability for whole virus experiments. We propose that our workflow for
aptamer selection against SARS-CoV-2 using a pseudotyped virus that can mimic the native state
of the surface proteins may well be applicable as a whole virus selection strategy for other emerging
pathogens.

These results demonstrate the enormous design flexibility offered by our aptamer-nanopore sensors.
The implementation of SELEX to obtain specific aptamers for infectious viruses, and their
subsequent assembly into the corresponding aptamer-nanopore systems, where the steady-state I-
V curves contain precise information that allows quantification and background subtraction, make
it possible to quantify viruses in samples ranging from complex environmental samples to untreated
biological fluids, which will allow a wide range of applications for rapid and selective detection of
both current and emerging viral pathogens around the world.

Materials and Methods

DNA library

All the DNA sequences were purchased as synthetic oligonucleotides from Integrated DNA
Technologies (IDT). A random ssDNA library (1nmol) and reverse and forward primers were
purified by polyacrylamide gel electrophoresis (PAGE).

The ssDNA pool consisted of a central random region of 45 nucleotides flanked by two constant
sequences at the 3" and 5° ends that act as primer regions for amplification (See Table 1). The
reverse primer was modified with biotin to separate ssDNA from amplified double stranded PCR
products using streptavidin-coated beads during the in-vitro selection process. Unmodified FwdP
and RevP were used for PCR amplification after the final round of the in vitro selection, for HTS
libraries preparation, and for qgPCR quantification.

Proper folding of ssDNA library and pools was attained by denaturing at 95°C for 10 minutes,
followed by cooling on ice for 10 min before use in each round.

Table 1. DNA sequences used in this work.

Name DNA sequence (5’ to 3’°) / In bold IDT
modification
DNA library HAdV GTCCATCGTTCGGTAGTG-45N-
GGCTAACTGTCCACGATT
Forward primer (FwdP) HAdV GTCCATCGTTCGGTAGTG
Reverse primer (RevP) HAdV /5Biosg/AATCGTGGACAGTTAGCC
T20 TTTTTTTTTTTTTTTTTTTT
HAdV-Seq4 GGCTGCAGCTGAAGCACTGGTTTTGAGTCAAAC
CCAGACGATGGA
3AmMO-Aptamer GGCTGCAGCTGAAGCACTGGTTTTGAGTCAAAC
CCAGACGATGGA /3AmMO/
NH,-C1,-HAdV-Seq4 /AmMC12 /GGCTGCAGCTGAAGCACTGGTTTTG
AGTCAAACCCAGACGATGGA
DNA library SARS-CoV-2 ACCGTCAGTTACAATGCT - 45N -
GGCTGGACTATCTGTGTA
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Forward primer (FwdP) SARS-CoV-2 | ACC GTC AGT TAC AAT GCT
Reverse primer (RevP) SARS-CoV-2 | /5Biosg/TAC ACA GAT AGT CCA GCC

SARSI-AR10 CCCGACCAGCCACCATCAGCAACTCTTCCGCGTC
CATCCCTGCTG
NH,-C12-SARS2-AR10 /AmMC12 /CCCGACCAGCCACCATCAGCAACTC
TTCCGCGTCCATCCCTGCTG

Human Adenovirus propagation and viability assessment

Human Adenovirus Serotype 2 (HAdV-2, VR-846) was propagated with A549 cells (CCL-185),
both obtained from the American Type Culture Collection (Manassas, VA). Cell incubation, viral
propagation, and viral infectivity assessment methods were similar to previously reported protocols
(20). Briefly, A549 cell monolayers were maintained in flasks at 37°C with 5% CO» with modified
Ham’s F12K media + 10% fetal bovine serum + 0.25 pg/mL amphotericin B + 100 units/mL
penicillin + 10 pg/mL streptomycin (Sigma-Aldrich, St. Louis, MO). To propagate the viruses,
HAdV-2 liquid stock was inoculated onto A549 cell monolayers and incubated at 37°C with 5%
CO> until cytopathic effects showed up. Viruses were released from the cells by freeze-thaw cycles.
The lysates were centrifuged, and the supernatants were passed through 0.45 or 0.22 um vacuum
filters to remove large debris (Millipore, Billerica, MA). The filtrate was purified and concentrated
using a 300 kDa ultrafiltration membrane (Millipore) in Amicon stirred cells. For some later batches
of propagation, the filtrate was purified and concentrated using sucrose cushion ultracentrifugation.
The concentrated virus stocks were in 1 mM carbonate buffer solution (CBS, Fisher Scientific)
stored at -80°C.

The virus infectivity was assessed with soft agar-overlay plaque assay and plaque counting at 9 or
10 days post infection were used to determine virus titers.

Inactivation of HAdV - Chlorine treatment

The inactivation of HAdV-2 by free chlorine was previously described (75, 20). In brief, a batch
reactor with 1 mM CBS under continuous magnetic stirring was spiked with HAdV-2. The
temperature was maintained constant with a water bath, and pH was adjusted with hydraulic acid
or sodium hydroxide solution. An initial sample was taken to measure initial viral concentration
with the plaque assay method, and then sodium hypochlorite solution was added into the reactor
while a timer was started at the same time. Samples were taken along with time and immediately
mixed with 0.1% sodium thiosulfate to quench the chlorine and stop the inactivation process. The
time points at which samples were added into sodium thiosulfate were recorded. Although the initial
sample had no chlorine, it was also mixed with 0.1% sodium thiosulfate so that all the samples are
comparable. The chlorine concentration was monitored with the N,N-diethyl-p-phenylene diamine
(DPD) method (52) and the sampling times and the chlorine concentrations were both recorded.
Chlorine reacts extremely fast with viruses, leaving no time to measure the initial chlorine
concentration in this reactor, so a second reactor controlling for the addition of virus stock was
prepared in order to make the measurement of initial chlorine concentration possible.

The inactivated HAdV were dialyzed with ImM CBS buffer to remove the excess of sodium
hypochlorite and sodium thiosulfate. In this way, the infectious and noninfectious HAdV are in the
same buffer for the in vitro selection process.

Inactivation of HAdV-2 by low pressure ultraviolet light
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The ultraviolet (UV) light inactivation experiments followed previously published methods except
that a low-pressure UV lamp (GSL233T5L/SL, Atlantic Ultraviolet Corporation, Hauppauge, NY)
was operated at 10 W and no bandpass filters were installed. A recirculating water-jacketed reactor
(20°C) containing 1 mM CBS was spiked with HAdV-2 under continuous magnetic stirring. The
fluence was calculated as the product of the average irradiance and exposure time and four factors
were measured for necessary corrections based on the literature (53). The irradiance distribution
across the irradiated water surface was measured with a 1400A radiometer and SEL 240 detector
(International Light, Peabody, Massachusetts) in order to correct for the nonuniformity of the light
distribution (petri factor). The UV absorbance at 254 nm of the water sample to be treated by UV
was measured with UV2700 Shimadzu spectrophotometer to adjust for water depth since UV can
be absorbed by water (water factor). Distance of suspension from the UV lamp (divergence factor)
and water surface reflection (reflection factor) were also considered into the calculation. With the
average irradiance obtained and the desired fluence, the required exposure time was obtained.

Other waterborne viruses

Other viruses tested in this study include Human Adenovirus Serotype 5 (HAdV-5), Human
Adenovirus Serotype 40 (HAdV-40), Coxsackievirus B5, and Murine Norovirus. HAdV-5 (VR-5)
was obtained from ATCC and its propagation method and viral infectivity assessment are the same
as those described for HAdV-2. HAdV-40 (Ad40, Dugan strain, p.3, clone 6A) was obtained from
Theresa Cromeans (54) (Centers for Disease Control and Prevention). Coxsackievirus B5 Faulkner
(VR-185) was obtained from ATCC and passaged in buffalo green monkey kidney cell (QUIDEL,
San Diego, CA) monolayers three times, and then purified and concentrated following the protocol
of HAdV-2. Murine Norovirus was originally provided by Herbert Virgin (formerly at Washington
University School of Medicine, St. Louis, MO) and propagated using RAW 264.7 cells (TIB-71)
obtained from ATCC. The virus purification and concentration protocol were similar to those of
HAdV-2.

Cell culture for pseudovirus production

293T embryonic kidney cells (ATCC# CRL-1573) and human hepatoma cell line Huh7 (obtained
from Thomas Gallagher at Loyola University) were cultured in DMEM supplemented with 10%
fetal bovine serum (Gibco), 100 units of penicillin, and 100 pg/mL streptomycin (Invitrogen).

Production and quantification of pseudotyped viruses

Pseudoviruses were created using the following plasmids: SARS-CoV-1 spike protein, SARS-CoV-
2 spike protein, hemagglutinin (HA) and neuraminidase (NA) isolated from the highly pathogenic
avian influenza virus A/Goose/Qinghai/59/05 (H5N1) strain, and the HIV-1 pro-viral vector pNL4-
3.Luc.R-E- (obtained through the NIH AIDS Research and Reference Reagent Program). All
pseudovirions were produced by transient co-transfection of 293T cells using a polyethyleneimine
(PEI)-based transfection protocol. Five hours after transfection, cells were washed with phosphate-
buffered saline (PBS), and 20 mL of fresh media was added to each 150 mm plate. Twenty-four
hours post transfection, the supernatant was collected and filtered through a 0.45 uM pore size
filter. Pseudotyped virus was concentrated by ultra- centrifugation. The pseudovirus was layered
onto a 30% (wt/vol) sucrose cushion and centrifuged at 26,000 rpm for 2 hours in a ThermoFisher
AH-629 rotor. The pelleted pseudovirus was resuspended in sterile PBS, aliquoted, and frozen for
future use. The pseudovirus titer was determined using a quantitative p24 lentivirus ELISA kit
(Takara Lenti-X p24 Rapid Titer Kit, cat#632200).
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UV-inactivation of pseudotyped SARS-CoV-2

We targeted 293T cells that were transfected with pcDNA3.1(+)-ACE2 and pCSDest-TMPRSS2
for 6 h. The cells were then trypsinized and seeded at 1x10° cells/well in DMEM complete into
white bottom 96-well plates (100 pL/well), then incubated for 16 hours at 37 °C and 5% COz. To
evaluate the efficacy of UV irradiation of the SARS-CoV-2 pseudotyped virus, the pseudovirus was
placed in an open plastic petri dish and positioned under the UV light source in a biosafety cabinet
and irradiated at differing time points with 134 uW/cm?. The UV treated pseudovirus containing a
luciferase reporter gene was added to the 96-well plates along with non-UV treated pseudovirus as
a control. Plates were incubated at 37 °C and 5% CO for 48 hours and viral infection was
determined by luminescence using the neolite reporter gene system (PerkinElmer). Data was
normalized to non-UV treated pseudovirus (100% infectivity).

Production and Quantification of Infectious 229E-CoV.

229E-CoV was obtained as a gift from Tomas Gallagher (Loyola University). The virus was
propagated in Huh-7 cells and stocks were frozen at -80 °C. For quantification, approximately 1x10°
Huh-7 cells/well were seeded in 6-well tissue culture plates (Corning) and allowed to grow to 90%
confluence for 24 h. Viral stocks were serially diluted 10-fold (102 — 10®), culture media was
removed, and replaced with 400 uL of each viral stock dilution in triplicate. Plates were incubated
at 33 °C, 5% CO:z for 2 hours, rocking gently every 20 min. After 2 hours, the virus was removed
and replaced with 2 mL of a 1:1 mixture of 2X MEM media and 2.4% Acivel-591. Plates were
incubated at 33 °C, 5% CO; for 96 hours. Plates were fixed with 10% formalin and stained with
1% crystal violet to visualize plaques.

Water samples and biological samples

Tap water was obtained from the tap at the University of Illinois at Urbana-Champaign, in Illinois,
US. A more complex drinking water sample was obtained from a borehole at Panyodoli Secondary
School in Kiryandongo District, Uganda. Wastewater secondary effluent was obtained from Urbana
& Champaign Sanitary District in Illinois, US.

Human serum from human male AB plasma (USA origin, sterile-filtered) was purchased from
Sigma-Aldrich. Pooled human saliva samples were purchase from BiolVT

In-vitro selection of the virus-specific aptamers
A schematic diagram of the in vitro selection process is shown in Fig. 1A.

First round of in vitro selection: The heat denatured ssDNA library (1 nmol) was mixed with 50 pl
of 6x10° pfu/mL infectious virus in a total volume of 350 pL of SELEX buffer (20 mM TRIS, 100
mM NaCl and 2.5 mM MgCl,, pH 7.2) and incubated for 2hr at room temperature. Then, the
unbound sequences were removed using an Amicon Ultra-0.5 100 kD filter, followed washing 4
times with 400 uL of SELEX buffer to ensure removal of all unbound sequences. To elute the bound
sequences, we heated the filter countaining the virus and bound sequences for 15 min at 95 °C in
the presence of 8 M urea and then centrifuged, collecting the fraction that flowed through the filter
in a new tube. Then, to concentrate and desalt the DNA, we used an Amicon Ultra-0.5 10 kD filter
and washed 2 times with SELEX buffer (300 puL each time). We took 1 pL of the eluted ssDNA to
quantify the amount of DNA by qPCR, and the remaining pool was used as a template for
amplification of bound sequences by PCR (30 cycles of 1 min at 95 °C, 30 s at 52 °C, 1 min at 72
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°C, followed by 10 min at 72 °C) to obtain the dsDNA pool. The PCR was carried out in a total
volume of 50 pL with the reverse primer labelled with a biotin, using a GoTaq Flexi DNA
Polymerase (Promega). Finally, ssDNA was recovered by streptavidin-coated magnetic beads. We
took 1 pL of the recovered ssDNA to quantify the amount of DNA by qPCR and the remaining
DNA was used for the following round.

2" to 11" round of in vitro selection: Enriched pools (200 pmol) were heat denatured as described
before and mixed with 25 pL of 1x10° pfu/mL noninfectious virus in a total volume of 100 uL of
SELEX buffer as the counter selection step. After incubation for 1 hr at room temperature, the
unbound sequences were recovered using an Amicon Ultra-0.5 100 kD cutoff and washed 2 times
with 100 pL of SELEX buffer. We collected the unbound sequences that flowed through the filter
and incubated them with 50 pL of 6x10° pfu/mL infectious virus in a total volume of 350 puL as the
positive selection step. From here the protocol is the same as for round 1 for sequence elution,
desalting, and PCR amplification.

All Amicon Ultra-0.5 filters were treated with 1 mM of T20 for 30 min to avoid nonspecific
adsorption of the library and pool sequences on the filter, followed by washing for 3 times with
SELEX buffer.

A new PCR using unlabeled primers was performed to prepare the pools for high-throughput
sequencing.

The in-vitro selection process to obtain an aptamer specific for infectious SARS-CoV-2 was
performed using the same procedure as for HAdV, with the following changes. In this case, 1x10®
copies/mL pseudotyped SARS-CoV-2 was used in the positive selection rounds, while UV-
inactivated pseudotyped SARS-CoV-2, pseudotyped SARS-CoV-1 and pseudotyped H5N1 were
used for counter selection steps (5x10° copies/mL of each). The SELEX buffer was 1X PBS, with
2.5 mM MgClz, 0.5 mM CaCl, pH 7.4. To increase the yield from the pool elution step from the
100kD filter, instead of eluting in 8 M urea, elution was performed in the SELEX buffer, at 95 °C
for 10 min. This allowed us to directly use this eluted sample without concentration/desalting with
the 10kDa filter.

In vitro selection monitoring

qPCR was used to monitor the SELEX process in two ways: (1) testing the enrichment of the pools
(elution yield) using an absolute quantification, and (2) assessing sequence diversity of the pools
(convergence of the aptamer species) by monitoring the melting curve (23).

Real-time PCR experiments were conducted with a CFX96 Real-Time PCR System (BioRad)
according to the manufacturer’s instructions. All reactions were performed in 10 pL reaction
volumes in 96-well plates for PCR. A standard qPCR mixture contained 5 uLL SsoFast EvaGreen
Supermix (BioRad), 0.3 pL of 500 nM of each unlabeled primer, 3.4 pL of H2O and 1 pL DNA
template. Thermal cycling consisted of an initial denaturation at 98 °C for 2 min followed by 40
cycles of denaturation at 98 °C for 5 s and annealing and extension at 52 °C for 10 s. After these
amplification cycles, the melting curve analysis was performed from 65 °C to 95 °C. Threshold
cycle (Ct) values were determined by automated threshold analysis.

High-throughput sequencing of selection rounds

Selected selection cycles (rounds 4, 6, 7, 8, 9, 10, and 11 for HAdV selection and rounds 3, 5, 7, 8,
and 9 for SARS-CoV-2 selection) were prepared for high-throughput sequencing (HTS) analysis
on an Illumina HiSeq4000 platform (performed by the DNA Services Lab of the Roy J. Carver
Biotechnology Center at UIUC), using the Celero DNA Seq kit (Nugen/Tecan) for library
preparation. Briefly, library preparation involved first performing end repair of fragmented DNA,
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followed by adaptor ligation, and PCR amplification to produce the final libraries. This kit
incorporated different unique dual indexes that allowed the sample analysis of all rounds on one
lane. After purification of the PCR product with Agencourt® AMPure XP Beads (Beckman
Coulter), quantification of the DNA was carried out using a fluorescence method (Qubit kit —
dsDNA Broad Range), and approximately equal amounts of each library containing specific
indexes were mixed. After a quality control (QPCR quantification and fragment analyzer of the
DNA, performed by the DNA Services Lab), 100 bp single end sequencing was carried out.

After demultiplexing, HTS data was analyzed using the FASTAptamer software (24).
FASTAptamer-Count allows us to count the number of times each sequence is sampled from a
population and then rank and sort the sequences by abundance, while FASTAptamer-Enrich was
used to calculate fold-enrichment for each sequence present in more than one round of the selection
by comparing the RPM of the sequence from one population by the RPM in another.

Binding affinity tests
Enzyme-linked oligonucleotide assay (ELONA)

ELONA was used to determine the binding affinity of the HAdV-Seq4 aptamer toward HAdV and
the SARS2-AR10 aptamer to pseudotyped SARS-CoV-2. Infectious HAdV (6x10° pfu/mL) or
active pseudotyped SARS-CoV-2 (5x10% copies/mL) was coated on a microplate at room
temperature for 2 hr. After blocking with 100 puL of 5% bovine serum albumin (BSA) in phosphate-
buffered saline for 1 h at room temperature, the biotin-labeled aptamer was added to the individual
wells at various concentrations (0.1 to 1000 nM) in the SELEX binding buffer and incubated for 1
h at room temperature. Horseradish peroxidase-conjugated streptavidin (1:500) was added and
incubated for 45 min. Color development was achieved by adding tetramethylbenzidine chromogen
substrate (TMB). After adding 2 M H2SO4 as stop solution, the optical density at 450 nm (OD450)
was determined using a microplate reader. The same procedure was done for the free chlorine
inactivated HAdV and UV-inactivated pseudotyped SARS-CoV-2.

For ELONA assay using the S1 protein, the same procedure was repeated but the microplate was
coated with SARS-CoV-2 Spike protein S1 (Invitrogen aal1-682).

Thermofluorimetric Analysis (TFA)

Thermofluorimetric analysis (TFA) measures the fluorescence of a mixture of DNA and
intercalating dye as a function of temperature (29, 30). Intercalating dyes are only highly fluorescent
when bound to double-stranded DNA. At high temperatures, double-stranded regions of the DNA
dehybridize and the fluorescence decreases. TFA monitors aptamer melting, leveraging the changes
in thermodynamic stability afforded by target binding.

TFA was used to test the binding of HAdV-Seq4 aptamer to HAdV. A solution containing 20 nM
of aptamer was annealed at 95 °C and cooled down slowly at room temperature. Then, a mixture of
2 uL of the aptamer solution, 2 uL. of SYBR Gold (1:100 dilution), and 15 pL of HAdV solution at
different concentrations was added to individual wells. All sets of samples were placed in the gPCR
instrument and melting curve data was acquired in triplicate, between 20 °C and 95 °C, at 0.5 °C
per min with data collection at 30 s intervals. Fig. S2 shows the melting curves at the different
conditions.

A control experiment was carried out in the same conditions but without HAdV-Seq4 aptamer to
determine the background signal contribution from just HAdV virus. Also, a negative control was
performed by replacing the HAdV-Seq4 aptamer with a nonspecific DNA, containing the same
length but a random sequence, to confirm that the detected changes corresponded to the specific
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interaction between HAdV-Seq4 aptamer and the infectious HAdV. Finally, a selectivity test was
performed by repeating the assay with the HAdV-Seq4 aptamer using a different virus commonly
present in water samples, Coxsackievirus.

Microscale Thermophoresis (MST) measurements

Microscale Thermophoresis (MST) was used to test the binding of SARS2-AR10 aptamer with
pseudotyped SARS-CoV-2 and other related viruses. A 1:2 serial dilution of 16 samples of the virus
with SELEX buffer was prepared covering the concentration range of 3.9X10% to 4.8 X 10*
copies/mL. To 10 pL of each of the serial dilutions, 10 pL of 500 nM stock solution of FAM-
functionalized SARS2-AR10 was added and allowed to incubate for 10 min at room temperature.
Subsequently, each sample was loaded onto a NanoTemper (Munich, Germany) KM-022 capillary
tube and mounted on a NanoTemper Monolith Nt.115 (provided by the UIUC Microbiology
Department) capillary tray. Each measurement was tested at a light-emitting diode power of 20%
at the “Blue” excitation wavelength setting, with a cold region of 5 s, followed by a hot region of
30 s, until the new hot equilibrium state was observed, followed by 5 more seconds of cold region
to observe the regeneration of the fluorescence signal. For each MST measurement, each capillary
was subjected to an IR laser power at 40% of its power to record the resulting thermophoretic
curves. Each of these measurements included three repeat experiments.

To test the selectivity of the aptamer, the same experiment was performed with UV-inactivated
pseudotyped SARS-CoV-2, pseudotyped SARS-CoV-1, pseudotyped HS5NI, and 229E
coronavirus.

Nanopore fabrication

12 um polyethylene terephthalate (PET) foils are irradiated at the UNILAC heavy ion accelerator
of the GSI Helmholtz Centre for Heavy lon Research with single GeV Au ion. Each highly energetic
ion creates a highly localized damage trail, known as ion-track, along its trajectory through the
polymer foil. The ion-track has a diameter of a few nm and can be selectively removed by chemical
etching. Chemical etching is performed in a custom, in-house built electrochemical cell, such that
the irradiated foil is inserted between two separate compartments. The compartments are filled with
6 M NaOH, and 6 M NaOH + 0.05 % (in volume) Dowfax 2al, respectively. Etching is performed
for 6 minutes at 60 °C, to fabricate bullet-like shaped nanochannels, i.e. a combination of longer
cylindrical and shorter parabolic segments. Single nanochannels with bullet-like shape exhibit non-
linear current-voltage characteristics due to the asymmetric shape of the reduced size tip and the
negative charges stemming from the carboxylate groups generated on the polymer surface during
the etching. Average dimensions of the as-obtained bullet-like shaped nanochannels are: (a) tip <
55 nm, (b) base: 900 = 100 nm, as described previously (39).

Modification of nanopore and immobilization of the aptamer

After etching, the single nanochannel membranes were modified with the HAdV aptamer by
EDC/Sulfo-NHS coupling between the carboxylate groups in the nanopore and an amino modified
HAdV-Seq4 aptamer. We chose to incorporate the amino modification at the 5’ end with the longest
linker available from IDT (12 CHz-groups) to minimize the potential for the nanopore surface to
interfere with aptamer binding to its target (NH2-Ci2-Aptamer, see Table 1). For HAdV-Seq4
aptamer, we also incorporated the amine modification at the 3° end to compare the effect of the
different orientation of the HAdV aptamer on the surface (Fig. S3). In this case, only a shorter linker
(6 CHz-groups) was available from IDT (3AmMO-Aptamer, see Table 1).
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The PET single nanochannel membrane was incubated first with 20 mM EDC and 30 mM Sulfo-
NHS in Reaction Buffer (100 mM MES, pH 5.5) for 45 min at room temperature to form the sulfo-
NHS esters. In the second step, after washing with the same buffer, the membrane is incubated
overnight (> 6 hours) with a solution of 2 pM amino-DNA in Reaction Buffer at room temperature.

NH2-C12-SARS2-AR10 aptamer was incorporated in the nanopore following the same procedure
as for HAdV-Seqg4.

Current-Voltage measurements

Current-voltage (I-V) curves were recorded using a potentiostat (CHI620, CH Instruments) in a
four-electrode set up (working, working sense, reference, and counter-electrode). In this way, we
can monitor conductance variations arising from changes in the nanochannel and separate them
from other processes in solution or on electrode surfaces. Both the working and counter-electrode
were platinum wires while the reference and working-sense were commercial silver/ silver chloride
(Ag/AgCl/3M KCI) electrodes. In all experiments, working and counter electrodes were placed at
the tip and base of the channels, respectively. A 0.1 M KCl solution was used as the electrolyte.

Measurement of the virus samples

1.5 mL of the sample containing the virus was incorporated in the compartment facing the base of
the aptamer-modified nanochannel, while a SELEX buffer was filled in the compartment facing the
nanopore tip. The solutions were incorporated by pipetting into the chambers using a plastic pipette.
After incubation for the given time (30 min or 2 hr), the solutions were removed, and the
compartments were rinsed with milli-Q water. Then, the 0.1 M KCl electrolyte was inserted in both
compartments to record the I-V characteristics between +1 and -1 V at 100 mV/s (3cycles).

In the case of the environmental water and human serum and saliva samples, 15uL of different
dilutions of infectious virus (HAdV or pseudotyped SARS-CoV-2) were spiked in 1.5mL of these
samples to obtain the final concentration of spiked viruses. The dilutions of infectious virus were
prepared using SELEX buffer to dilute the 6x10° pfu/mL HAdV stock solution (in CBS buffer) or
1x10!" copies/mL pseudotyped SARS-CoV-2 stock solution (in PBS buffer). For the environmental
water samples, the final viral titers tested were 10, 60, and 600 pfu/mL of HAdV; while for human
serum and saliva, 6, 60, and 600 pfu/mL of HAdV were tested. In the case of SARS-CoV-2, the
final viral titers tested were 1x10%, 1x10°, 1x10%, and 1x10’ copies/mL. For each concentration of
virus, 3 replicates are measured using single-use aptamer-nanopore system and independently
prepared virus solutions from a virus stock. From these replicates, two of them were done with
pooled saliva samples we have purchased and the third replicate was done with individual fresh
saliva samples. Not different were observed between these two types of saliva samples.

Rectification efficiency

In all experiments the definition for the rectification efficiency (fr.) is given by,
[ (1V or —1V)
free = £ —
[ (—=1V or 1V)

where the current I in the numerator corresponds to the largest current value in the high conductance
state, and the current in the denominator is the lowest current value corresponding to the low
conductance state. Additionally, if the higher current corresponds to a negative voltage, the
rectification factor is multiplied by -1. This definition simplifies the notation. In order to compare
results stemming from different nanopores, a normalized rectification efficiency (frecnorm) is
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defined by dividing each frc from a specific nanochannel by the fr.c value in presence of just buffer
(frec,O),

frec

f rec,0
In the case of human serum and saliva samples, the fecnorm is calculated by dividing each frec from

a specific nanochannel by the fiec value of that nanochannel in presence of human serum or saliva
(frec,O)-

Thus, the steady-state I-V curves and the rectification factor obtained based on this curve contain
precise information that is essential for quantification and background subtraction to remove
potential interference from other species in the sample, that is not possible with other nanopore
methods.

frecnorm =
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Supplementary Text

Supplementary Text 1. A comparison between plaque assays, QPCR, and our aptamer-
nanopore sensor.

We have quantified the infectious HAdV concentration using plaque assays and benchmarked our
results with this, as it is still considered the gold standard method to quantify infectious virus, since
simpler and more recently developed methods like gPCR and immunoassays are not capable of
distinguishing noninfectious/inactivated virus from active virus (/7). It is likely that the efficiency
of infectivity determined by plaque assay is lower than 100% because some infective viruses that
reach the surface of host cells in the plaque assay might not locate protein receptors involved in
the initial attachment steps of the infection cycle, ultimately resulting in the formation of plaques.
Although to date there is no method to determine what portion of the overall concentration of
infective virions is obtained by plaque assay, a comparison could be made between results from
plaque assays and qPCR measurements of genome copies in the same samples. In a previous
study, members of our team quantified (in triplicate) HAdV-2 samples with both plaque assay and
gPCR (55). The results reproduced in Table S1 reveal a ratio of =150 copies/pfu. Unfortunately,
the number of genome copies could not be considered to directly correspond to infective viruses
because some copies could be associated with incompletely assembled virions not capable of
infection. An important point revealed by the stirring test data in Fig. S7 is that the regression has
a stronger linear dependence compared to that of the tests without stirring. Extrapolation of the
linear regression to freenorm=1 would result in an intercept of approximately 0.1 pfu/mL,
suggesting that the sensor would have a sensitivity approximately one order of magnitude higher
than that of the plaque assay. These results suggest that 1/15 genome copies could potentially
correspond to infective viruses. Such a possibility is plausible because our aptamer method is
targeting capsid proteins that are synthesized in the final steps of the infection cycle, and so the
possibility that the signal corresponds to infective viruses is higher. If so, the concentration of
infectious virions would be ten times that determined by plaque assay. In terms of our assay, this
result indicates that, in the nanopore, we are not necessarily detecting a single infective particle in
the sample, but the signal corresponds to an order of magnitude higher number, indicating that we
reach the same or higher detection limit as the gold standard method, plaque assay, with a rapid
and simple test. Moreover, this result highlights that plaque assays likely underestimate infectious
virus concentration.

Table S1. Comparison between qPCR and plaque assay quantification of HAdV-2 samples. The
number of DNA copies is measured by a 105-bp amplicon in the E1A gene.

Experiment pfu/mL DNA copies/mL DNA copies/pfu
MC1 1.02 x10° 1.35x10? 131
MC2 9.87 x10° 1.45x10? 147
MC3 7.62 x10° 1.40 x108 184
Average: 154




Supplementary Text 2. Determination of detection and quantification limits.

Based on the linear regression obtained (Fig. S6a), it is possible to define the limit of detection as
LoD= 3*c/m, and the quantification limit as LoQ=10* o/m, where m is the slope of the linear
calibration (m =0.123) and o is the standard deviation of the intercept (¢ = 0.0076). Then, to obtain
the LoD and LoQ in pfu/mL units, we calculate the antilogarithm, because the linear regression is
obtained from a logarithm scale in the x axis. Thus, the LoD = 1.5 pfu/mL and LoQ = 4 pfu/mL.
We have also compared, using a two-tailed Student’s t test, the mean of the fi.cnorm signal obtained
for 1 pfu/mL of infectious HAdV with a) the mean frecnorm value for different concentrations of
infectious HAdV when no aptamer is grafted in the nanopore, and b) the mean frecnorm for different
concentrations of noninfectious HAdV after immobilization of the aptamer in the nanopore. We
observed in both cases that these values are significantly different to the frecnorm for 1 pfu/mL of
infectious HAAV, with at least 99.9% and 99% confidence, respectively (Fig. S6). Thus, 1 pfu/mL
of HAdV is indeed producing a signal distinguishable from these blanks.

Supplementary Text 3. Choice of Lentivirus Pseudotyped with SARS-CoV-2 S protein as
the SELEX target.

It had previously been demonstrated that the S protein of SARS-CoV-1 was a good target for
recognition, especially since it is the primary surface protein responsible for entry into cells, so the
S protein of SARS-CoV-2 was deemed the most suitable target due to its similarity to SARS-CoV-
1 (it interacts with the same ACE2 receptor for entry into cells). Other groups have already
performed SELEX against the isolated S protein or RBD domain of the S protein of SARS-CoV-
2 (49-51), as well as against the N protein (56). Because of our prior success in using whole virus
SELEX to isolate the HAdV, we wanted to use a whole viral mimic of SARS-CoV-2 to better
replicate the native state of the S protein. For instance, it is known that the S protein forms trimer
structures when incorporated into the viral envelope, so using a solubilized S protein in its
monomer form loses a significant amount of quaternary structure that could be used by aptamers
for better recognition or may even inhibit binding of aptamers that have been selected against the
solubilized protein. Other researchers have recently developed variations of the SARS-CoV-2 S
protein that allow it to trimerize in its soluble form, but this target is still significantly different
from the membrane bound S proteins found in the native system. Furthermore, the S protein in the
pseudotyped virus is expressed as a glycoprotein with the same sugar modifications as in the
SARS-CoV-2. Because of all these considerations, we desired to use a pseudotyped virus, in which
a different virus is used as a backbone, which is incorporated with the SARS-CoV-2 S protein to
mimic its native state within the viral envelope.

The Rong lab has extensive experience in creating lentivirus-based pseudoviruses, including for
the SARS-CoV-1 S protein. Based on this expertise, we were able to create lentivirus pseudotyped
with the SARS-CoV-2 S protein in a rapid manner, allowing us to use it as the target for our
SELEX and for testing our nanopore sensor at BSL-2 levels while still maintaining high similarity
to the S protein in its native viral envelope.
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Fig. S1. In-vitro selection of infectious HAdV-specific aptamers. (A) Monitoring the progress
of the SELEX process by quantification of the elution yield, i.e., bound ssDNA over total added
ssDNA, using qPCR. (B) Melting curve for the different pools during HAdV aptamer selection.
After round 3 (yellow), a peak at higher melting temperature (Tm) appeared and shifted from 82
°C in the middle rounds to 85 °C at round 7 (green), with its intensity increasing with subsequent
rounds, suggesting that the DNA pool has converged from mostly random sequences with low Tm
to more conserved sequences with higher Tm. (C) Reads per million (RPM) obtained from analysis
of the HTS data for the HAdV-Seq4 sequence as a function of the selection rounds, using
FASTAptamer-Count. (D) The predicted most stable secondary structure of the aptamer based on
the UNAFold software. Calculations were made at 25 °C, 100 mM NaCl and 2 mM MgCl,.
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Fig. S2. Thermofluorimetric analysis (TFA) of binding interaction of HAdV-Seq4 aptamer
with HAdV using qPCR. (A) From left to right, for infectious HAdV: TFA melt curves;
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difference of the melt curve between 0 pfu/mL virus and different concentrations of HAdV; and
binding curve at 67 °C in presence of 20 nM of HAdV-Seq4 aptamer based on triplicate data. We
observed that the peak around 67 °C changes with different concentrations of infectious HAdV,
compared with the aptamer solution that does not contain the virus (just buffer, black line). Then,
the change in the signal at 67 °C was used to obtain the binding curve, by subtracting the signal
without the virus, (dF/dT)vuter, and the signal with different concentration of virus, (dF/dT)virus.
(B) Same as (A) but for non-infectious HAdV. In this case, no significant change is observed at
67 °C or other temperature. (C) TFA melt curve for different negative controls: infectious HAdV
without DNA, infectious HAdV with 20 nM of a random sequence with the same length of the
HAdV-Seq4 aptamer, and coxsackievirus with 20 nM of HAdV-Seq4 aptamer.
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Fig. S3. Modification of nanopore inner surface with HAdV aptamer. (A) I-V curves of a
nanopore system before (black) and after (blue) modification with NH»-Ciz-aptamer. (B)
Normalized rectification efficiencies versus logarithm of the infectious HAdV concentration
obtained for different amino modifications of the HAdV aptamer. To prevent the nanopore surface
from interfering with the aptamer binding to its target, we added a spacer between the amine group
and the aptamer. Also, the effect of different orientations of the HAdV aptamer on the surface was
studied by introducing the amino modification on different ends of the sequence. Black
corresponds to the nanopore without incorporation of the aptamer. Light blue corresponds to the
nanopore modified with 3AmMO-aptamer (3’ modification), and purple with NH>-Ci2-aptamer
(5’ modification). We found that the modification at 5° end with the longer spacer improved the
sensitivity.
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Fig. S5. Effect of virus |incubati0n bn different sides of the asymmetrical nanopore on the

aptamer-nanopore system performance. Normalized rectification factor versus logarithm of the
infectious HAdV concentration after 30 min incubation of the virus solution facing the base side
of the nanopore (purple) and facing the tip side (red). No changes in the fiecnorm are observed
when the virus sample is applied to the reservoir facing the narrow side (tip) of the nanopore. This
indicates that the virus needs to be able to enter the nanopore to bind to the aptamer coating the
inner surface of the nanopores. Due to the reduced tip size, this is possible only from the base. Tip
diameter < 50 nm, base diameter: ~900 nm.
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Fig. S6. Limit of detection and Isensitivity bf the aptamer-nanopore system to detect HAdV.

(A) Linear dependence of normalized rectification efficiencies versus logarithm of infectious
HAdV concentration with linear fitting. Each data point represents the mean and standard
deviation of 3 replicates. (B) The aptamer-nanopore system can detect 1 pfu/mL of infectious
HAdV. Normalized rectification efficiency of 1pfu/mL of infectious HAdV after aptamer
immobilization on the nanopore (purple). Grey represents the mean and SD of fiecnorm for the
different concentrations of infectious HAdV showed in Fig. 2b when no aptamer is grafted in the
nanopore, while green represents the mean and SD of fiecnorm for the different concentrations of
noninfectious HAdV showed in Fig. 2b after immobilization of the aptamer in the nanopore. two-
tailed Student’s t test; **p<0.01, ***p<0.001, bars represent mean + SD.
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Fig. S7. Effect of stirring during virus incubation on the aptamer-nanopore system
performance. (A) Normalized rectification factor versus logarithm of the infectious HAdV
concentration after 30 min incubation of the virus solution with the aptamer-nanopore without
stirring (purple) or with magnetic stirring (blue). (B) Relative change of the frecnorm (defined as
the percent change of 1-fieenorm) when stirring is added compared with the relative fiecnorm
without stirring, for different concentrations of infectious HAdV. The larger changes are observed
for lower infectious HAdV concentrations, and at 600pfu/mL, no significant changes are observed.
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Fig. S8. Detection of infectious HAdYV in a buffer solution containing a mixture of infectious
and non-infectious HAdV. I-V curves for 3 samples prepared by treating an infectious HAdV
sample (7.2x10° pfu/mL) with free chlorine and taking aliquots at different timepoints to obtain
different degrees of inactivation with the same total amount of virus: 90% (sample 1), 99% (sample
2), and 99.9% (sample 3). The differences in the frc indicate that the aptamer-nanopore sensor can
detect different infectious HAdV concentrations even when the total amount of virus is the same
within different samples.
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Fig. S9. Detection of infectious HAdV in different real water samples. (A) Normalized
rectification efficiency obtained for different concentrations of infectious HAdV that were spiked
in drinking water and wastewater. The frecnorm measured for the same concentration of infectious
virus in buffer (blue) was included for comparison. n=3, technical replicates (mean £+ SD). (B)
Individual values for each concentration (triplicate) for different environmental water samples.

12



1.1

8:5? N Y (I o I
buffer Tap Borehole Waste
water  water  water

Fig. S10. Detection of infectious HAdYV in different real water samples containing a mixture
of infectious and non-infectious HAdV. Normalized rectification efficiency obtained for
different water samples in presence of non HAdV (gray) and in a solution of HAdV with 99.9%
inactivation (mixture of infectious and non-infectious viruses). n=3, technical replicates (mean +
SD).
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Fig. S11. Detection of infectious HAdV in different biological samples. (A) I-V curves for a
human serum sample before (yellow) and after (red) being spiked with 60 pfu/mL infectious
HAGdV. There is a change in the I-V curve when the nanopore is incubated in human serum
compared with the curve after incubation with buffer (black). To take these differences into
account, the fiec for the human serum samples with different concentrations of infectious HAdV
were normalized by the measurement after incubation in human serum, instead of buffer. (B) I-V
curves for a human saliva sample before (dark green) and after (light green) being spiked with 60
pfu/mL infectious HAdV. (C) Normalized rectification efficiency obtained for human serum and
saliva samples spiked with different concentrations of infectious HAdV. n=3, technical replicates

(mean + SD). (D) Individual values for each concentration (triplicate) for different biological
samples.
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Fig. S13. In-vitro selection of infectious SARS-CoV-2-specific aptamers. (A) Monitoring the
progress of SELEX process by quantification of the elution yield, i.e., the bound ssDNA over the
added ssDNA, using qPCR. (B) Melting curve for the different pools during SARS-CoV-2 aptamer
selection. The peak at high Tm shifted from 77°C to 79°C, suggesting that the DNA pool has
converged from random sequences with low Tm to more conserved sequences with higher Tm.
The colors correspond to the colors of the rounds in a. (C) Reads per millions (RPM) obtained by
analysis of the HTS data for SARS2-AR10 sequence as a function of the selection rounds, using
FASTAptamer-Count.
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Fig. S14. Binding curves of SARS2-AR10 aptamer and pseudotyped SARS-CoV-2 using
ELONA assay. 5x10® copies/mL of pseudotyped SARS-CoV-2 are immobilized on a 96-well
plate. The dissociation constant (Kz) of SARS2-AR10 sequence for the active pseudotyped SARS-
CoV-2 is 79 nM, while no change in the absorbance at 450nm is observed for the inactive
pseudotyped SARS-CoV-2. n = 3 technical replicates (mean + SD).
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Fig. S16. Binding curves of SARS2-AR10 aptamer and SARS-CoV-2 S1 domain protein
obtained by ELONA assay. Blue corresponds to active SARS-CoV-2 S1 domain protein and red to
UV-inactivated SARS-CoV-2 S1 domain protein. The dissociation constant, K of the SARS2-AR10
aptamer for the active S1 protein is 630 nM, while the affinity to the UV-inactivated protein is lower
(Ka=2000nM). Black corresponds to the ELONA results for the binding of S1 protein to a control
sequence. n = 3 technical replicates (mean + SD).
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Fig. S17. Effect of virus incubation time and length of the aptamer on the SARS2-AR10-
nanopore system performance. (A) Normalized rectification factor versus logarithm of the active
pseudotyped SARS-CoV-2 concentration after 30min (purple) and 2hr (red) incubation time of the
virus solution with the SARS2-AR10-nanopore system. (B) Comparison of the performance of the
SARS2-AR10 with primers (81nt) and without primers (45nt). In both case the performance is
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Fig. S18. Detection of active pseudotyped SARS-CoV-2 in saliva samples. Normalized
rectification factor versus logarithm of the active pseudotyped SARS-CoV-2 concentration spiked
in human saliva sample. A total of 12 saliva samples were spiked with different concentrations of
infectious pseudotyped SARS-CoV-2 and each sample was measured with a different nanopore
membrane.
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Fig. S19. Comparison of the aptamer-nanopore system signal using SARS2-AR10 aptamer
vs using a control sequence. Inverse of the frecnorm obtained for active pseudotyped SARS-CoV-
2 (SARS-2) spiked in saliva using SARS2-AR10 aptamer in the nanopores (red) and a control
sequence (blue). The concentration of the virus is 1x107 copies/mL. n = 3 technical replicates
(mean + SD).

22



	Title: Direct detection of human adenovirus and SARS-CoV-2 with ability to inform infectivity using a DNA aptamer-nanopore sensor
	References
	SI_asv.pdf
	Supplementary Text


