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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 qPCR and immunoassays are not capable of 
distinguishing noninfectious/inactivated virus from active virus (11). 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 
qPCR (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 frecnorm=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 x106 1.35 x108 131 

MC2 9.87 x105 1.45 x108 147 

MC3 7.62 x105 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*σ/m, and the quantification limit as LoQ=10* σ/m, where m is the slope of the linear 
calibration (m = 0.123) and σ is the standard deviation of the intercept (σ = 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 frecnorm 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 HAdV, 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. 
 

 
 

  



 
 

 

 
 

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 
ºC in the middle rounds to 85 ºC 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 ºC, 100 mM NaCl and 2 mM MgCl2. 
 
 
 



 
 

 

 
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; 
difference of the melt curve between 0 pfu/mL virus and different concentrations of HAdV; and 
binding curve at 67 ºC in presence of 20 nM of HAdV-Seq4 aptamer based on triplicate data. We 
observed that the peak around 67 ºC 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 ºC was used to obtain the binding curve, by subtracting the signal 
without the virus, (dF/dT)buffer, 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 ºC 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. 
 



 
 

 

 
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 NH2-C12-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 NH2-C12-aptamer 
(5’ modification). We found that the modification at 5’ end with the longer spacer improved the 
sensitivity. 
 



 
 

 

 
Fig. S4. I-V curves for different nanopores modified with NH2-C12-aptamer. Black 
corresponds to incubation of the aptamer-nanopore system with buffer (without virus, 0 pfu/mL) 
and, purple and green lines correspond to incubations with different concentrations of infectious 
HAdV or noninfectious HAdV, respectively. Comparing the differences in the I-V curves without 
virus and with virus for the same membrane, even for a high concentration (6×103 pfu/mL) of 
noninfectious HAdV, no changes were observed, while for 1 pfu/mL of infectious virus there is a 
decrease in the current at 1 V. 
  



 
 

 

 
Fig. S5. Effect of incubate the virus solution facing 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 frecnorm 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. 
  



 
 

 

 

 
Fig. S6. Sensitivity of 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 frecnorm 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 frecnorm 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. 
  



 
 

 

 

 
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-frecnorm) when stirring is added compared with the relative frecnorm 
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. 
  



 
 

 

 
 

 
 
Fig. S8. Detection of infectious HAdV 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 (7.2x103 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 frec 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. 
  



 
 

 

 
 

 
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. 
 
  



 
 

 

 

 
Fig. S10. Detection of infectious HAdV 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). 
 



 
 

 

 
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 
HAdV. 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 frec 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. 
 
 
 
 



 
 

 

 
Fig. S12. Monitoring the UV-light inactivation of SARS-CoV-2 pseudovirus at different 
exposure times by a luciferase assay. In the case of pseudotyped particles, it is not possible to 
perform a plaque assay.  
  



 
 

 

 
 

 
 
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 77ºC to 79ºC, 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. 
  



 
 

 

 
 

 
Fig. S14. Binding curves of SARS2-AR10 aptamer and pseudotyped SARS-CoV-2 using 
ELONA assay. 5x108 copies/mL of pseudotyped SARS-CoV-2 are immobilized on a 96-well 
plate. The dissociation constant (Kd) 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). 



 
 

 

 
Fig. S15. Binding curves of SARS2-AR10 aptamer and different viruses using MST 
technique. MST results for: (A) active pseudotyped SARS-CoV-2, (B) UV-inactivated 
pseudotyped SARS-CoV-2 and (C) other viruses, including 229E coronavirus, pseudotyped 
SARS-CoV-1, and pseudotyped H5N1. SARS2-AR10 was labeled with FAM at the 5’ end and its 

concentration was fixed at 250nM. These results confirm the binding of the aptamer to active 
pseudotyped SARS-CoV-2 and its selectivity. n = 3 technical replicates (mean ± SD). 
 
 
  



 
 

 

 

 
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, Kd of the SARS2-AR10 
aptamer for the active S1 protein is 630 nM, while the affinity to the UV-inactivated protein is lower 
(Kd = 2000nM). Black corresponds to the ELONA results for the binding of S1 protein to a control 
sequence. n = 3 technical replicates (mean ± SD). 
  



 
 

 

 
 
 

 
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 
comparable, thereby we choose the short version of the aptamer for further application in the 
nanopore.  
  



 
 

 

 

 
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. 
 
  



 
 

 

 
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). 
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