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ABSTRACT: Semiconducting single-walled carbon nanotubes Single-Walled Analyte Addition
(SWCNTs) with tailored corona phases (CPs), or surface-  Carbon Nanotubes -

adsorbed molecules, have emerged as a promising interface for T )

sensing applications. The adsorption of an analyte can be Lol NG
specifically transduced as a modulation of their band-gap near- +

infrared (nIR) photoluminescence (PL). One such CP ideal for Dispersion Sequences Hybridization A Shif

this purpose is single-stranded DNA (ssDNA), where subsequent ﬂ“@\_‘/ .
sequence-dependent hybridization can result in PL emission - 1
wavelength shifts. Due to ssDNA adsorption to the SWCNT

surface, the resultant noncanonical hybridization and its effect on

SWCNT photophysical properties are not well understood. In this work, we study 20- and 21-mer DNA and RNA hybridization on
the complementary ssDNA-SWCNT CP in the context of nucleic acid sensing for SARS-CoV-2 sequences as model analytes. We
found that the van’t Hoff transition enthalpy of hybridization on SWCNT CP was —11.9 kJ mol™!, much lower than that of
hybridization in solution (—707 kJ mol™'). We used SWCNT solvatochromism to calculate the solvent-exposed surface area to
indicate successful hybridization. We found that having a 30-mer anchor region in addition to the complementary region significantly
improved PL response sensitivity and selectivity, with a (GT) 5 anchor preferred for RNA targets. Coincubation of ssDNA-SWCNTs
with an analyte at 37 °C resulted in faster hybridization kinetics without sacrificing specificity. Other methods aimed to improve CP
rearrangement kinetics such as bath sonication and surfactant additions were ineffective. We also determined that the target
sequence choice is important as secondary structure formation in the target is negatively correlated with hybridization. Best-
performing CPs showed detection limits of 11 and 13 nM for DNA and RNA targets, respectively. Finally, we simulated sensing
conditions using the saliva environment, showing sensor compatibility in biofluids. In total, this work elucidates key design features
and processing to enable sequence-specific hybridization on ssDNA-SWCNT CPs.

B INTRODUCTION hybridization behaviors that are not as well studied, motivating

our current study.

Detection of single-stranded oligonucleotides through com- X . ) )
A large fraction of current DNA-nanomaterial hybrid studies

plementary hybridization plays an essential role in diagnostic

pathology,l’z drug discovery and delivery,3'4 and molecular utilize carbon-based substrates.>> 3" Of them, semiconducting
biology.°’6 In the case of biosensing, materials with unique single-walled carbon nanotubes (SWCNTs) have advantages
nanoscale properties were often used as scaffolds for single- as sensor components, particularly due to their photophysical
stranded DNA (ssDNA) immobilization to construct probe or properties.***” Small-diameter SWCNTs are favorable for
transducer elements,” with specificity arising from hybrid- biomedical applications because of their photoluminescence
ization at the solid—liquid nanomaterial interface. For these (PL) emissions at near-infrared (nIR) wavelengths,** where
constructs, interfacial traits including surface strand den- there is minimal optical absorption from blood and tissuet ™+

sity,"~'* surface charge,'*™'® substrate porosity,'® point
mismatch,'” ™"’ immobilized DNA length,20 brush effect for
long targets,”" and probe attachment chemistry”*~>* have been ]
shown to influence hybridization stability and kinetics. While Recélved: September §, 2022
initial studies involved flat microchip arrays, nanomaterials Rev‘s_ed’ November 16, 2022
such as gold nanoparticles”**~*" and carbon nanotubes™~** Published: December 27, 2022
revealed unique interfacial properties potentially useful for
sensor design. Such nanomaterial surfaces often entail
constrained probe conformations that result in noncanonical

as well as cellular autofluorescence.”* Additionally, SWCNTs
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are resistant to photobleaching®*® compared to conventional
fluorescent dyes, allowing for long-term temporal monitoring
of fluorescence signals.4 47 Furthermore, SWCNTSs can be
engineered to form specifically tailored and stable corona
phases (CPs),*® or noncovalent wrappings, in aqueous
environments for specific analyte recognition with up to
single-molecule sensitivity.””>" When a target analyte binds to
the SWCNT corona, the perturbation introduced to the local
environment can be transduced via changes in the SWCNT
fluorescence signal in the form of modulations in their
emission wavelength®' and/or intensity.>”

The ssDNA-SWCNT CPs have been explored recently as
hybridization sensors against DNA (ssDNA),” microRNA,'
and viral RNA targets.”>" These sensors report local target
analyte concentrations in the form of PL emission wavelength
shifts. Some studies have included noncomplementary ssDNA
regions within the CP to improve hybridization signal
transduction, the theory being that having “anchor” regions
will allow for increased solution-phase analyte interactions.”
Although these anchor regions have shown promise, their
design is not well understood. Furthermore, it is well known
that ssDNA as part of the SWCNT CP behaves noncanoni-
cally, making hybridization efficacy sequence-dependent.
Nevertheless, complementary sequences have been shown to
be correlated with CP reorganization, as demonstrated by
atomic force microscopy of 30-mer oligonucleotides.56
However, differences between CP sequences prompt a
systematic study of the ssDNA-SWCNT hybridization process
to enable a directed search of sensor candidates.

In this work, we used tailored SARS-CoV-2 complement
sequences to understand the tunable parameters in ssDNA-
SWCNT CP hybridization sensor design. By measuring the
kinetics of the hybridization process, we calculated and
compared its enthalpy to solution-phase hybridization. By
using a SWCNT diameter-dependent solvatochromism model,
we correlated observed photophysical changes to the CP
changes and solvent-exposed surface area following hybrid-
ization. We also definitively demonstrated that PL response
specificity can be improved through the inclusion of anchor
sequences, with anchor-absent SWCNT CPs showing no
specificity. We also systematically studied the anchor sequence
and location configurations to result in multiple promising
candidates for both DNA and RNA targets. Target sequence
choice was found to be a significant factor in hybridization and
signal transduction. Finally, we demonstrated these sensor
candidates in biologically relevant testing conditions. Our work
represented a comprehensive investigation into the mechanism
of hybridization of complementary sequences on the SWCNT
corona. Developing these methods and understanding them is
a significant step toward developing a new generation of
hybridization sensors enabled by the ssDNA-SWCNT plat-
form.

B MATERIALS AND METHODS

Materials. Raw CoMoCAT SWCNTs enriched in (6,5)
chirality were purchased from Sigma-Aldrich and used without
further processing (Lot # MKCM1708). Single-strand DNA
and RNA oligonucleotides were purchased from Integrated
DNA Technologies. All other chemicals were purchased from
Sigma Millipore.

Target Viral RNA Sequence Design. Sequences were
chosen intuitively with the aid of software tools. UNAFold
Software was used, which is a common folding algorithm that
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predicts nucleic acid foldings, hybridizations, and melting
profiles using energy-based methods and dynamic program-
ming.”” We identified regions longer than 18 nucleotides that
are predicted to be exposed with minimal secondary structure
formation based on the SARS-CoV-2 genome. We further
BLAST-searched them to show 100% identity with their
designated gene for SARS-CoV-2 and specificity against OC43,
229E, NL63, MERS, and SARS1 coronaviruses, as well as any
gene in the human genome.

Nanosensor Preparation and Characterization. 1 mg
of CoMoCAT SWCNT and 1 mg of ssDNA were mixed in 1
mL of 100 mM NaCl. The mixture was ultrasonicated with a
1/8" probe tip (Cole-Parmer) for 30 min at 44% amplitude in
an ice bath. The sample was then centrifuged twice at 30,300g
for 1 h (Eppendorf Centrifuge 5430R). After each
centrifugation, the top 80% of the suspension was collected,
while the remaining 20% was discarded to remove
unsuspended bundles. The centrifuged sample was dialyzed
against phosphate-buffered saline (PBS) with a 1 mL dialysis
device of 300 kDa MWCO (Spectra-Por) overnight to remove
free DNA. The concentration of the SWCNT suspension was
determined using its absorbance at 632 nm (Agilent
Technologies, Cary 5000) and extinction coefficient of 0.036
mg L' em™". The sample was stored at 4 °C in a fridge for
further use.

High-Throughput Screening and nIR PL Spectrum
Processing. High-throughput screening of the nanosensor
library against the viral nucleotides was performed using a
customized nIR microscope, which consists of a Zeiss Axio
Vision inverted microscope body with a 20X objective, coupled
to an Acton SP2500 spectrometer and liquid nitrogen-cooled
InGaAs 1D detector (Princeton Instruments). The dialyzed
SWCNT dispersion was diluted to 0.5 mg L™" and allowed to
equilibrate overnight at room temperature before hybridization
experiments. For screening, a 50 uM stock solution of each
target oligonucleotide in PBS was prepared. In a 96-well plate,
200 uL of SWCNT dispersion (0.5 mg L") was added to 2 L
of a 50 uM oligonucleotide solution. The addition of 2 yL of
PBS was used as a negative control. The mixture was incubated
for 1 h at 37 °C, after which the SWCNT fluorescence signal
was monitored under laser excitation (785 nm, 317 mW, B&W
Tek Inc). The fluorescence spectra from three replicates were
collected from 950 to 1250 nm. Following the acquisition, the
spectra were processed in a custom MATLAB code which
interpolates the spectra to locate the peak wavelength. (6,5),
(7,5), and (9,4) chiralities were assigned to the peaks at circa
990, 1045, and 1128 nm, respectively. The (7,5) and (9,4)
peak wavelengths were obtained by subtracting the influences
of nearby chiralities. Specifically, the spectral shoulders present
near the (7,5) and (9,4) peaks were cropped out by subtracting
a fourth-order polynomial fit of the surrounding regions. The
peak wavelengths of each sensor—nucleotide pair were then
compared to that of the sensor—PBS negative control to
calculate the wavelength shift.

Hybridization Experiments with Surfactants, Bio-
fluids, and Bath Sonication. Hybridization experiments
were conducted with a 0.5 mg L™' SWCNT dispersion and
target DNA or RNA at a final concentration of 500 nM unless
otherwise stated in the titration experiments in Figure S. Bath
sonication was carried out using a 110 V ultrasonic bath
(Arrayit Corporation). In these experiments, target DNA or
RNA was first introduced to the SWCNT dispersion, followed
by bath sonication, and then 1 h incubation at the specified
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temperature in Figure 4 or 1 h incubation and then bath
sonication. Hybridization experiments with a surfactant were
carried out at the final concentrations specified in Figure 4.
The surfactant solution was added to the SWCNT dispersions
either at the same time as the addition of target DNA or 12 h
before the addition of the target oligonucleotide. Regardless,
the mixtures were incubated at 37 °C for 1 h before their
fluorescence spectra were acquired. The saliva sample was
sourced from pooled human donors (MyBioSource) and was
introduced to the SWCNT dispersion at a final concentration
of 1% v/v. Spectra were acquired after 1 h of incubation at 37
°C.

B RESULTS AND DISCUSSION

Construct Synthesis, Design Study, and Measure-
ment Conditions. Nucleic acids are well known to form
stable CPs around SWCNTSs in aqueous environments via 7—7
stacking between the nucleoside and the SWCNT surface with
the negatively charged phosphate backbones acting as the
hydrophilic solution-facing components.”*™*° The adsorbed
ssDNA on the SWCNT surface can bind to the comple-
mentary oligonucleotides introduced to the solution and result
in a measurable wavelength modulation of the SWCNT PL.
ssDNA-SWCNT constructs were synthesized using the raw
SWCNT material from the CoMoCAT process, enriched with
the (6,5) chirality species. A standard solution-phase
sonication method was used to disperse the SWCNTSs against
a specifically designed library of ssDNA oligonucleotides with
complementary components to the 11 segments of the SARS-
CoV-2 viral RNA genome (Table 1). Briefly, the ssDNA-

Table 1. Target Sequences from SARS-CoV-2 for Detection
with the ssDNA-SWCNT Construct

target sequences (5" — 3') gene encoding

S1712 ACACTACTGATGCTGTCCGT spike (S) protein

§3555 CCTCAATGAGGTTGCCAAGA  spike (S) protein

N158 TCACCGCTCTCACTCAACAT nucleocapsid (N)
protein

N563 CACGTAGTCGCAACAGTTCA nucleocapsid (N)
protein

M296 CTTTCAGACTGTTTGCGCGT membrane (M) protein

MsS66 GTGACTCAGGTTTTGCTGCA  membrane (M) protein

E160 CCTTCTTTTTACGTTTACTCT  envelope (E) protein

E198 TTCTTCTAGAGTTCCTGATC envelope (E) protein

01256 AGTGTGCCTATTGGGTTCCA ORF 1-ab

06736 TCAACCGCTGCTTTAGGTGT OREF 1-ab

010098 TGTTCGCATTCAACCAGGAC ORF 1-ab

SWCNT dispersions were created by ultrasonicating mixtures
of ssDNA and CoMoCAT SWCNT in a 100 mM NaCl
solution, followed by centrifugation to remove SWCNT
aggregates and dialysis with 1X PBS buffer overnight to
remove excess unbound ssDNA from the solution. The
concentration of the DNA-SWCNT dispersion was deter-
mined using the typical method of absorbance at 632 nm with
an extinction coefficient of 0.036 L mg™! cm™.°'

RNA secondary structures play a key role in affecting
complementary hybridization. Predicting the secondary
structure of RNA has long been studied to facilitate many
genomics applications.”** In order to design sensors that can
efficiently interact with the SARS-CoV-2 genes, we used a
combination of software and manual alignment for identifying
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RNA genome regions that are predicted to be the exposed
regions of the spike (S), nucleocapsid (N), membrane (M),
envelope (E), and open-reading frame (ORF) of SARS-CoV-2
genes. Some of the sequence design considerations include
specificity to the target of interest and the minimization of
secondary structures. The guanine—cytosine (GC) content of
the sequences was also ensured to be evenly distributed to
minimize hairpin and self-binding. Using this strategy, 11
unique sequences for the S, N, M, and E genes and the ORF of
the SARS-CoV-2 virus (Table 1) were selected.

PBS was chosen to constitute a physiologically relevant but
also buffered environment to reduce readout variability.
Additional precautions were taken to improve measurement
fidelity, including diluting ssDNA-SWCNT to 0.5 mg/L to
reduce aggregation, equilibrating SWCNT dilutions overnight,
exciting the solution at a low laser fluence (

1.78 x 10* mW/cm?), and mixing well during analyte
incubation at a consistent temperature.64

For each hybridization experiment, the DNA or RNA
analyte was mixed with the SWCNT at a final concentration of
500 nM. Analytes can be complements to the ssDNA wrapping
(cDNA and cRNA), randomly generated noncomplementary
control sequences (nDNA and nRNA), or PBS buffer. For
clarity, ssDNA strands within the CP will be referred to as
“adsorbed” and solution-phase testing strands referred to as the
“analyte”. The mixture was then incubated under a chosen
experimental condition before the PL spectra were acquired in
the 850—1250 nm range at approximately 2.56 pixel/nm using
a high-throughput custom-made nIR fluorescence microscope.
To extract the SWCNT PL peak wavelength at subpixel
resolutions, using the 990 nm peak as an example, a Gaussian
function was fit over data points near 990 nm to obtain the PL
peak wavelength. The peak position after analyte incubation
was compared to that of the PBS control to calculate
wavelength shifts.

Kinetics and Thermodynamics of SWCNT Surface
Hybridization. In a typical experiment, we expected that the
ssDNA-SWCNT PL peak would shift after coincubation with
the complementary analyte, while it would remain unchanged
after coincubation with the noncomplementary analyte (Figure
1b). This observation is attributed to solvatochromism,”
where a shift in the optical transition energy, called the
solvatochromic shift, results from a change in the exciton
polarizability of the SWCNT due to changes in its local
dielectric environments (solvent Stark effect). The magnitude
of this shift has been shown to scale approximately to the —4
power with the SWCNT diameter (d~*) and with the square of
the transition energy (E; 3" A hypsochromic shift, or an
increase in electronic transition energy, indicates a decrease in
the effective dielectric constant of the SWCNT local
environment. In this context, when the CP adsorbs more
densely at the SWCNT surface, high-dielectric-constant water
is excluded, causing the measured hypsochromic shift. In this
way, a bathochromic shift (to the red or lower energy)
conversely indicates a looser packing or lower density of the
SWCNT corona.*®

For an adsorbed analyte pair with a known response, we
used the temporal changes of SWCNT PL (Table S1) at 24,
37, and 50 °C to first study the kinetics of the process. At all
temperatures, we observed an increasing hypsochromic shift
followed by ¢cDNA addition and a negligible change followed
by nDNA addition (Figure 1c). This selectivity suggests that
hybridization plays a role. Nearly 20 h and 10 h were needed to

https://doi.org/10.1021/acs.jpcc.2c06434
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Figure 1. SWCNTs with the single-stranded DNA (ssDNA) corona for the detection of viral nucleic acid through hybridization. (a) Schematic of
the ssDNA-functionalized SWCNT for detecting the target nucleic acid (analyte). Upon incubation, the target nucleic acid in solution hybridizes
with the adsorbed ssDNA strands on the SWCNT surface, resulting in a measurable wavelength modulation of the SWCNT fluorescence signal.
(b) An example of observed hypsochromic shifts in the PL spectra of the DNA-SWCNT construct near 990 nm upon incubation with the target
complementary analyte. No shift was observed in noncomplementary control and PBS buffer. (c) Kinetics of the SWCNT 990 nm peak optical
transition energy shift (EAmlyte — E,) upon incubation with cDNA or nDNA at 24, 37, or 50 °C, fitted with the Langmuir adsorption model. Eanatyte
and E, denote the transition energy after and before analyte addition, respectively. Data presented as mean =+ s.d., n = 3. (d) Arrhenius plots of the
hybridization and denaturation rate constants obtained from the Langmuir adsorption model. The R-squared values for the fittings for k¢ (dashed)
and k;, (solid) are 0.979 and 0.976, respectively. (e) Normalized change in the DNA surface coverage of SWCNTs over time upon incubation with
cDNA or nDNA at 37 or 50 °C. Specific adsorption occurs in the presence of cDNA but not nDNA.

reach the steady state for 24 and 37 °C, respectively, and only dCyp

2 h for 50 °C. This slower kinetics for hybridization on “a kCaCp = kiCap (2)
SWCNT CP compared to the hybridization of free DNA in the

solution phase within minutes® indicates that there is polymer where C,, Cg, and C,y are the concentration of bulk cDNA in
reorganization on the SWCNT surface. The response toward solution, the concentration of adsorbed ssDNA in the SWCNT
the complementary analyte at 37 °C showed a higher steady- CP that is available for hybridization, and the concentration of
state energy shift compared to 24 and S0 °C and less noise the hybridized duplex. All concentration units are normalized
between triplicates compared to 50 °C. We attribute this to the number of moles per volume. ¢ is the time. According to
difference in noise as a reduced thermodynamic stability of the the site balance, the total number of sites (Cg,) can be
hybridized complexes, which had a denaturing temperature of calculated by summing the concentration of free sites (Cy) and

56.2 °C.°° This temperature-induced denaturation increases
the distribution of SWCNTSs between nonhybridized and
hybridized states and experimental variability. Due to the latter

the hybridized sites (C,5). The rate of duplex formation can
then be described by the following equation

point, studies were subsequently carried out at 37 °C for 1 h dCy
for data reliability. i = keCy(Cpo — Cap) — kpCap 3)
To further characterize the hybridization kinetics, we used a
Langmuir adsorption model assuming a reversible two-state The model further assumes that C, is significantly higher
hybridization without any intermediate than Cy such that C, remains unchanged during the
hybridization process. We assume that the SWCNT and its
cDNA (A) + adsorbed ssDNA (B) ssDNA corona have an approximate mass ratio of 1:1.°” For a
= hybridized duplex (AB) 1) dispersion of 0.5 mg/L SWCNTs, the adsorbed ssDNA
concentration is approximately 32 nM, much lower than the
The rate constants of the forward and backward reactions analyte concentration of 500 nM. Thus, the analytical solution
are denoted by k; and k., and the equilibrium constant is of eq 2 with the initial condition of C4p(0) = 0 is
denoted by K., = k¢/k,. The rate of formation of the Cok
hybridized duplex can then be modeled using the following Cup(t) = — 2Ly (1 — e~ kiGathty
equation ky + Coke (4)
609 https://doi.org/10.1021/acs.jpcc.2c06434
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The normalized concentration of the hybridized duplex can pAr hce cos 0
be correlated with the normalized energy shift CCAB = AiE , H A+ Ayd e (7)
“AB, max ‘max

where Capma = Cpp is the maximum duplex concentration
when hybridization reaches the steady state.” Solving for the
fluorescence energy shift, we have eq S to fit to our dataset.

CAkf AE (1 _ e_(kaA+kb)t)

AE(t) = ———
® ky + Cykg

()

The fitted models for 24, 37, and 50 °C are shown in Figure
Ic, with k¢ of (2.18 + 0.75) x 10% (5.16 + 0.75) X 10°, and
(19.3 + 1.6) X 10° M™' h™', respectively, and k;, of 0.109 +
0.054, 0.293 + 0.062, and 1.42 + 0.12 h™, respectively. The
hybridization rate constant k¢ at 24 °C is similar to a previously
reported value for a 22-mer DNA hybridization on SWCNTs
at room temperature modeled using only the forward
hybridization reaction.”” According to the Arrhenius law, the
rate constants of hybridization (the forward reaction) and
denaturation (the backward reaction) are each associated with
an activation energy, which are E,y and E, 1, respectively. By
constructing an Arrhenius plot (Figure 1d), we found that E,
is 66.7 k] mol ™" and E, |, is 78.6 kJ mol™". Under the two-state
hybridization assumption which is usually valid for short
oligonucleotides,”™"" the van’t Hoff transition enthalpy of
hybridization for this 22-mer DNA tested was calculated from

d InK
AH,; = -R dT_fq to be —11.9 k] mol™!, which is more

positive than that of a 21-mer DNA hybridizing with a perfect
match in solution (=707 kJ mol™)®" and is rather on the scale
of dimer duplex formation in solution (—44.4 to —30.1 kJ
mol™").”" This indicates that DNA hybridization on SWCNT
CPs displays a smaller thermodynamic driving force compared
to that in solution, likely due to conformational constraints on
SWCNTs. Nevertheless, for a field-effect transistor system
composed of 10-mer ssDNA covalently attached to SWCNT,
the computed E iy and E,, were 142—202 and 225—398 kJ
mol ™, respectively.”” This suggests that the covalently
attached DNA has greater energy barriers to hybridization,
likely due to constraints on the number of available
conformations.

To estimate the SWCNT corona-phase surface coverage or
solvent-exposed surface area, we computed the SWCNT
surface effective dielectric constant through the measured
solvatochromic shifts and ratiometrically compared the results
to a reference. A semiempirical functional form of the SWCNT
diameter solvatochromic shift was previously described.”"””

20e—1) 2*-1|1 _C
2e + 1 41

2
(Eii) AE; = —Lk R 7t

(6)

where E;; is the optical transition energy, AE; = E; — E}" is the
difference between the optical transition energy in the
dielectric environment (E;) and the optical transition energy
of the pristine SWCNT in air (E3Y"), L is a fluctuation factor, k
is a scaling constant of the SWCNT polarizability, € is the
static dielectric constant, n is the refractive index, R is the
nanotube radius, and d is the nanotube diameter. The constant
C gathers all the parameters that are constant for a specific
chirality. In this work, the E;; optical transitions of the (6,5),
(7,5), and (9,4) SWCNTs were calculated via background
fitting of the PL spectra. The optical transitions in air were
then calculated according to
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where £ is Planck’s constant, ¢ is the speed of light, d is the
SWCNT diameter, @ is the chiral angle corresponding to the
SWCNT chirality (n,m), A; = 61.1 nm, and A, = 1,113.6. By
noting mod((n — m), 3) = j, A; = —0.077 €V nm” for j = 1 and
A; = 0.032 eV nm” for j = 2.

The proportionality constant C from eq 6 was obtained by
plotting (E,)*AE, against 1/d* for the different chiralities to
calculate the slope from linear fitting. By comparing the
constant to the slope of a reference system of the SWCNT
suspended in N-methyl-2-pyrrolidone (NMP), the effective
dielectric constant, €., can be calculated by

2
Eg— 1 n"—1

C  2g5+1  2+1
- 2
CNMP enwp— 1 nNZMP -1
2+l 20kt 1 (8)

where Capyp = 0.060 eV2 nm,* egyp = 32.2, mgyp = 147, and n
is the refractive index of DNA wrappings in water, which is
equal to that of water (n = 1.333). Finally, we assume that the
SWCNT surface coverage reflects a linear contribution from
the solvent (water) and DNA wrappings to €. The relative
surface coverage of the SWCNT by its DNA wrapping, ¢, can
be estimated by

9)

where epny is the dielectric constant of the DNA wrappings
(epna = 4)7 and ey, is the dielectric constant of water
(éwater = 88.1). Calculation of the surface coverage in this way
is convenient and sufficient for this work. An alternative called
the molecular probe adsorption (MPA) method would be to
use the adsorption of fluorescent molecular probes for each of
the experimental conditions.”* The correlation between the
solvatochromic surface coverage and MPA will be the topic of
a future study, but we do not expect the difference to
substantially change the conclusions of this current work.

To compare the results between experimental conditions, we
calculate (aAmlyte — a,)/®,. The surface coverage upon PBS

&t = AEpNA + (1 - a)SWater

buffer addition, a,, is considered as the initial DNA surface
coverage without the introduction of the solution-phase
analyte. A positive value means an increase in nanotube
surface coverage by DNA, resulting in a denser surface packing
and negative values and vice versa. As shown in Figure le, the
SWCNT wrapping coverage increased upon complementary
cDNA addition at both 37 and 50 °C, while nDNA had no
effect. Thus, hybridization resulted in a denser packing of the
SWCNT surface, while the nDNA was precluded.

Adsorbed Strand Sequence Dependence on Hybrid-
ization Outcomes. While adsorbed, DNA conformation on
the SWCNT surface likely interferes with the traditional
geometries of nucleotide hybridization. Hybridization may
occur on the SWCNT surface, in solution following partial
detachment, or both. Previous work showed that an optimal
“anchor sequence” may exist to assist both the SWCNT
dispersion and presentation of the complementary strand for
hybridization (Figure 1a).>* Anchor sequences, as the name
suggests, were designed to adsorb to the SWCNT surface
strongly such that the likelihood of complement regions
desorbing to interact with solution-phase analytes increases. In
this configuration, it was argued that the anchor length is

https://doi.org/10.1021/acs.jpcc.2c06434
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Figure 2. Influence of the anchor in the adsorbed strand on SWCNT wavelength modulation and surface coverage. (a) Responses of 11 ssDNA-
SWCNT complexes toward 11 unique sequences from SARS-CoV-2 in Table 1. The ssDNA used to functionalize SWCNT contains only the
complementary region without an anchor region. Both DNA (top panel) and RNA (bottom panel) complementary and noncomplementary
analytes elicited mainly bathochromic shifts. (b) Responses of S1 ssDNA-SWCNT complexes with the (AT);s, (CT);s, or (GT);5 anchor and
without anchor toward DNA (top panel) and RNA (bottom panel) analytes. The anchor was added to either the 5’ or the 3’ end of the
complementary region. SWCNT PL responses toward nDNA and nRNA were significantly suppressed for constructs with an anchor region. (c)
Responses of S1 ssDNA-SWCNT complexes with (CT), (left panel) or (GT), (right panel) anchor of different lengths (x = 10, 15, 20) toward
DNA (top panel) and RNA (bottom panel) analytes. All data presented as mean + s.d., n = 3. (d) Probability distribution of normalized surface
coverage changes of 11 SWCNT constructs without anchors in (a) upon DNA (left panel) and RNA (right panel) analyte introduction. (e)
Probability distribution of normalized surface coverage change of S1 SWCNT constructs with anchors in (b) upon DNA (left panel) and RNA
(right panel) analyte introduction. (f) Probability distribution of normalized surface coverage change of S1 SWCNT constructs with (CT), and
(GT), anchors in (c) upon DNA (left panel) and RNA (right panel) analyte introduction.
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Figure 3. Screening results of the ssDNA-SWCNT library targeting 11 sequences. (a) Solvatochromic shifts and (b) normalized change in surface
coverage by DNA upon incubation with 500 nM ¢cDNA and cRNA. For each target sequence, four anchor regions were used, namely, (CT)
attached at the S’ end, (CT),; attached at the 3’ end, (GT);s attached at the S’ end, and (GT);; attached at the 3’ end of the complementary
region. Red denotes a bathochromic shift in (a) and an increase in surface coverage in (b), while blue denotes a hypsochromic shift in (a) and a
decrease in surface coverage in (b). The heat maps showing responses toward nDNA and nRNA controls are given in Figure S1. All data presented
as mean, n = 3. (c) Scatter plots of normalized surface coverage change against optical transition energy change for CPs with and without anchors
upon addition of DNA (left plot) and RNA analytes (right plot). (d) Correlations between normalized surface coverage change after cDNA
addition and z-scored initial surface coverage before cDNA addition. A statistically significant negative correlation with a Pearson coefficient of
—0.527 (P < 0.001) was observed for anchored CP denoted by the blue crosses. No meaningful correlation was observed for unanchored CPs

denoted by the green crosses.

important to the accessibility of complement regions while
being also not too far as to reduce solvatochromic effects.

To systematically understand the effects of the anchor
segment, we created a test library of ssDNA-SWCNT
comparing (1) the presence of the anchor, (2) the location
of the anchor at the 5’ or 3" end of the complementary region,
(3) the length of the anchor, and finally (4) the anchor
nucleotide composition (Tables S2 and S3).

As a control, we first tested SWCNT CPs without anchor
segments. We found that the complementary analytes (cDNA
and cRNA) gave inconsistent responses, while the non-
complementary analytes (nDNA and nRNA) resulted in
mostly bathochromic shifts and looser DNA surface coverage
(Figure 2a). To better represent the results, we use the data set
as a group to compare the probability distribution of the
relative surface coverage changes following complement or
random analyte addition (Figure 2d). These results graphically
showed that the two distributions were unimodal and
overlapping for both DNA and RNA.

To study the effect of introducing anchor segments, we used
the S1 sequence as an example. We attached anchor segments
of (AT),s5, (CT),s, or (GT)s to either the 3’ or 5" end of S1.
The results from Figure 2b,e show that the inclusion of a 30-
mer anchor imparted recognition specificity as shown by the
hypsochromic shifts (increased surface coverage) in most
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experimental conditions, with the exception of (AT)s
anchoring cRNA. We hypothesized that the anchor regions
improve the surface adsorption of the CP, helping to
specifically recruit complementary duplexes. According to the
binding energy per nucleotide on SWCNTs determined by
Tiafar et al,” the 30-mer (AT),s, (CT),s, or (GT),s anchors
correspond to an additional 921, 606, and 858 kyT in binding
energy, much greater than that of the S1 complementary
region alone (594 k;T). Comparing across the different anchor
compositions, (CT),s and (GT),; exhibited a greater selective
hypsochromic shift and greater surface coverage than (AT);
(Figure 2b). We attribute this difference to the likely self-
hybridization effects of (AT),s between CP anchor regions,
reducing the corona stability and presentation of the
complementary region. Next, the 3’ or 5" location of anchors
did not show a significant difference (Figure 2b). Finally, we
assessed the responses from sensors with anchors of different
lengths (Figure 2c). We found that longer (CT), anchor
lengths (x = 10, 1S, and 20) caused increased hybridization
effects. While no such trend was found for the (GT), anchors,
its overall response was higher (Figure 2c). Given that guanine
has a higher binding energy than cytosine on the SWCNT
surface in the aqueous phase,”*~"® (CT), anchors partially
make up for the difference via length. Nonetheless, the
inclusion of (CT), and (GT), anchors of any length led to

https://doi.org/10.1021/acs.jpcc.2c06434
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Table 2. p-Values of Paired, Two-Tailed Nonparametric Wilcoxon Signed Rank Tests with a Significance Level of 0.05 on the

Impacts of Anchor Composition and Location on PL Responses

DNA analytes

RNA analytes

solvatochromic shift

normalized surface coverage change

solvatochromic shift  normalized surface coverage change

(CT);svs (GT),s & P=0779 P = 0765 P =0.0186 P = 0.0244
3 P =0083 P =0.102 P < 0.001 P < 0.001

S vs 3 (CT),s P=0.175 P =024 P =0.042 P =0083
(GT)ys P=0577 P =052 P = 0206 P = 0206

Table 3. Summary of Pearson’s Correlation Coefficient (R) and p-Value (P) of Correlations between Analyte Properties and

SWCNT Photophysical Property Changes

analyte property analyte CP anchor solvatochromic shift normalized surface coverage change supplementary figure
Npy, cDNA 5" (GT)ys R = 0.832 R=—0822 Figure S16b
P =0.00148 P = 0.0019 Figure S17b
Npp, cRNA 5" (GT)ys R = 0653 R = —0678 Figure S16g
P = 0.0294 P = 0.022 Figure S17g
AGy, cDNA 5" (CT)ys R = —0.871 R=0733 Figure S4a
P =0.001 P =0.016 Figure SSa
Luin cRNA 3 (GT)ys R = —0.703 R =0727 Figure S14i
P =0.0158 P =0.0112 Figure S15i
thymine content cDNA 5" (CT)ys R =-03812 R =0.783 Figure S20a
P =0.00238 P = 0.00437 Figure S21a
cytosine content cRNA 3’ (GT)s R = —0.646 R =0.65 Figure S$22i
P =0.0317 P =0.0303 Figure $23i

hybridization specificity, as clearly shown by the distinctly
shifted probability distributions in Figure 2f. Given these
anchor study results, we designed a library of ssDNA-SWCNT
containing (CT);s or (GT);s anchors to further study the
responses of our system to the library of DNA and RNA
analytes.

Screening Results against Target Sequences. A library
of ssDNA was created to suspend SWCNTs to target each of
the aforementioned analyte sequences. Each ssDNA was
composed of (CT);s or (GT),s anchor adjacent to either the
5" or 3’ end of the complementary segment. The results
showed that most of the constructs with anchors showed
significant hypsochromic shifts in PL spectra toward cDNA
and cRNA compared to the bathochromic shifts without
anchors (Figure 3a). Successful hybridization for constructs
with anchors was further confirmed by the denser DNA
wrapping on the nanotube surface upon ¢cDNA and cRNA
introduction as shown in Figure 3b. Negligible responses were
shown for random controls (Figure Sla,b). In a scatter plot of
PL emission energy shift versus surface coverage change, we
showed that the larger and more predictable responses came
from the presence of anchors and complement sequences
(Figure 3¢).

Looking at the data set as a whole, we found a linear
correlation between the initial SWCNT surface coverage and
its hybridization response (Figure 3d). The negative
correlation indicates that a loosely packed CP could
accommodate more complementary targets for hybridization.
This was not seen in nonanchored results (Figure S2),
suggesting that the anchor plays a major role in analyte
recruitment.

We statistically investigated the impacts of anchor
composition, (CT),s or (GT);s, and location, 5’ or 3’, on
PL responses, as shown in Table 2. For detecting RNA targets
only, constructs with (GT),5 anchor regardless of attachment
location demonstrated greater hypsochromic shifts and a
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greater increase in surface coverage upon hybridization
compared to those with the (CT),s anchor. This could be
attributed to the stronger adsorption strength of the (GT)s
anchor (858 kyT) on the SWCNT surface than the (CT);s
anchor (606 kyT), leading to stronger adsorption stability for
the hybridized duplex. The anchor location did not show a
clear trend.

As a separate control, we tested prehybridized double-
stranded DNA (dsDNA) as analytes on our best DNA-
performing constructs (M2-(CT),s, (CT),5-E16) (Figure S3).
All dsDNA experimental conditions, noncomplement or
complement, produced negligible PL responses. This is
consistent with our thermodynamic estimates that solution-
phase canonical hybridization is favored over its SWCNT CP
counterpart. As a result, we further hypothesized that
secondary structure formation within analyte strands (e.g.,
hairpins and self-dimers), although designed to be minimal by
prediction, would be unavoidable in reality and similarly
contribute to attenuated PL responses.

To test the above hypothesis and study analyte sequence
property dependence, we used the following metrics as features
of the analyte sequences (Figures S4 and S25). We correlated
these features to our sensor responses to gain an understanding
of which features influence the hybridization events. Further
description of each metric can be found in the Supporting
Information.

(1)
)

(3)
(4)

(5)
(6)

Most negative free energy of hairpin formation among
all potential hairpins, AGy,

% length of the shortest single-stranded section among
all hairpins, Ly,

Free energy of hybridization, AGyy,

Most negative free energy of self-dimerization among all
potential self-dimers, AGp,,

% length of the single-stranded section of the self-dimer
in (4)! LDm

Minimum of (2) and (5), Ly,

https://doi.org/10.1021/acs.jpcc.2c06434
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Response when SDS was added to the SWCNT dispersion 12 h before the analyte was added. Amphiphilic molecules decreased the response
specificity. Gray shaded regions represent surfactant concentration ranges beyond which response specificity started to worsen. Conditions are

listed below. All data presented as mean =+ s.d., n = 3.

(7) Number of unique self-dimers possible, Ny,
(8) A, T, G, and C content individually

We calculated the correlation coefficients between these
analyte properties and SWCNT PL responses, grouped by the
anchor type (5'/3’ and (CT),s/(GT),s). Statistically signifi-
cant correlations are shown in Table 3.

From the correlations in Table 3, the secondary structure
within analyte strands negatively impacts its capability to
hybridize with ssDNA-SWCNTs. The negative correlation
between Np, and normalized surface coverage change
indicates that increased self-dimer formation disfavors
SWCNT surface adsorption. Similarly, hairpin formation
disfavors SWCNT surface adsorption, as shown by the positive
correlation between AGy, and the relative change of DNA
surface coverage. Additionally, Ly, correlations suggested that
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the loss of single-stranded regions to secondary structures
adversely impacts SWCNT surface hybridization.

Next, we looked into the effects of individual nucleotides on
PL responses. Both T and C contents in the analyte sequences
are positively correlated with PL responses. Previously, a
single-nucleotide SWCNT binding study showed a preference
ordering of A > G > T > C.”° The analyte T/C content
translates to a higher CP A/G content, which should more
aggressively adsorb analyte strands to the SWCNT surface,
leading to denser packing. Other analyte properties did not
demonstrate statistically significant correlations (Figures S6—
S13, S18, S19, S24, and S25).

Condition-Dependent Analyte Responses. The fact
that both ¢cDNA and cRNA generated selective responses
demonstrated the versatility of our approach. The sequences

https://doi.org/10.1021/acs.jpcc.2c06434
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that had the largest PL responses are M2-(CT);5 and (CT) ;-
E16 for cDNA and N1-(GT),5 and S3-(GT),s for cRNA. We
chose these constructs to study their potential as photophysical
sensors. Considering that hybridization events occur on the
ssDNA-SWCNT CP, we explored two methods that
potentially can affect CP rearrangement during binding events:
(1) bath sonication and (2) the surfactant.

For the bath sonication treatment studies, we hypothesize
that preanalyte ultrasonication could prime the CP, and
postanalyte ultrasonication can improve the slow kinetics of
the CP rearrangement. Ultrasonicator power, water levels,
sample volume, and sample location within the bath were all
kept constant to control for variability. M2-(CT) s was used to
study ultrasonication effects. In general, bath sonication up to
30 min did not significantly alter PL responses in any
configuration (Figure 4a—c). In corresponding surface cover-
age results, postincubation sonication for 20 or 30 min showed
increased surface coverage for complementary analytes.
Unfortunately, the surface coverage also increased for PBS
and random controls. For the associated RNA experiments, we
made similar observations (Figure S24a—d). Overall, this bath
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sonication approach would confound results when used for
sensing purposes.

For the surfactant treatment studies, we followed up on
previous work showing that sodium dodecylbenzene sulfonate
(SDBS)” and sodium dodecyl sulfate (SDS)*° addition
improved PL responses. These amphiphilic molecules are
commonly used to debundle SWCNTSs by adsorbing to the
SWCNT surface (benzene ring and long alkyl chain for SDBS
and long alkyl chain for SDS) and interfacing with the aqueous
solution via the small hydrophilic sulfonate head group.
Addition of SDBS’' and SDS* to ssDNA-SWCNT sensor
dispersions previously enhanced the hybridization-induced
wavelength modulation without losing sequence specificity.
We used (CT),5-E16-SWCNT to study these surfactant effects
over a range of concentrations (0, 0.00125, 0.0025, 0.00S, 0.01,
and 0.02 w/v %) below the critical micelle concentrations.
Two experimental conditions were tested, either with
surfactant preincubation with ssDNA-SWCNT or coincuba-
tion during the 1 h analyte exposure.

SDBS coincubation at low concentrations (0.0025%)
showed a 94% increase in hypsochromic shift (Figure 4e).

https://doi.org/10.1021/acs.jpcc.2c06434
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However, increasing SDBS concentrations further resulted in
PL response from noncomplement analytes, eventually
converging analyte responses to the same value. We attribute
these results to SDBS replacing the adsorbed ssDNA on the
SWCNT surface and leaving the SWCNT CP more densely
packed in a nonselective manner. The SDS addition experi-
ments did not show any PL response improvements in the
conditions tested (Figure 4f,g).

The threshold surfactant concentrations where specific
responses were retained were 0.0025% for SDBS and 0.005%
for SDS, showing that SDBS has a greater affinity for the
SWCNT surface as expected.”’ To summarize, in our
experimental design, surfactant addition did not show
significant improvement in transducing hybridization events
and was not employed further due to confounding effects.

Detection Limit, Specificity, and Compatibility in
Biofluids. We tested the sensor response over a range of
analyte concentrations and constructed a dose—response curve
to determine the detection limit. Again, the best two DNA
(M2-(CT);s-SWCNT and (CT),;-E16-SWCNT) and RNA
(N1-(GT);s-SWCNT and S3-(GT);-SWCNT) detecting
constructs were chosen (Figure S5a). A range of analyte
concentrations from 0.1 to 1000 nM were chosen. Signal
saturation occurred at 100—1000 nM (Figure Sb). Non-
complementary random controls showed overall no significant
response. The equilibrium constant K = k¢/k; defined earlier
was determined from the aforementioned Langmuir binding
model for each construct.””~** By rearranging eq 5, the energy
shift at each analyte concentration after incubation can be

written as

C\K

AE = p—2—
1+ GK (10)

where f is a constant that summarizes all the constant terms in

AE_ (1 — e ®GHR) and + is 1 h for all analyte
concentrations. The data in Figure Sb were found to generate
fits to eq 10 with R* = 0.983, 0.996, 0.955, and 0.96 for M2-
(CT),s, (CT),5-E16, N1-(GT),s, and S3-(GT),, respectively.
The resulting kinetic parameters were a = 2.692, 2.262, 1.921,
and 0.833 meV, and the dissociation constant K, = 1/K =
150.7, 181.3, 41, and 67.3 nM, respectively (Figure Sb). The
limit of detection (LOD) is calculated using the formula LOD
= Splank T 30plnw Where Sy, is the theoretical wavelength shift
without the presence of an analyte and oy, is the standard
deviation of the response toward the PBS buffer. The limits of
detection assuming this binding model were 11, 56, 13, and
131 nM, respectively. In the context of viral RNA detection,
the LODs were converted to 12.8 log,,, 13.5 log;o, 12.9 log,,,
and 13.9 log;, copies of the viral genome with the assumption
that each analyte has a single copy in the virus genome.

The specificity of the constructs toward noncomplementary
analytes was studied by comparing the responses of M2-
(CT),s, (CT),5-E16, N1-(GT),5, and S3-(GT),s toward the
10 other analyte sequences from Table 1 at 500 nM. Specificity
appears to be retained (Figure Sc).

Lastly, we assessed the compatibility of the ssDNA-SWCNT
construct with a complex biofluid as a connection to obvious
medical applications. For the context of viral RNA detection
from patient samples, saliva was chosen as the target media
because an oral swab is not only easier to administer compared
to the blood or urine test but also more sensitive than the
commonly employed nasal swab for the diagnosis of
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asymptomatic and mild COVID-19 infection.*” Saliva contains
a variety of electrolytes, proteins, polypeptides, polynucleo-
tides, and small organic substances that can perturb the
SWCNT ssDNA CP and interfere with the solvatochromic
response.”® However, the electrolytes and carbohydrate-based
matrix in saliva should have minimal adsorption onto typical
nanoparticle surfaces.”” Previous reports of SWCNT-phospho-
lipid-based sensors for the SARS-CoV-2 protein showed
compatibility with saliva.”® We introduced the commercially
available saliva sample from pooled human donors at a final
concentration of 1% v/v to the N1-(GT),s and S3-(GT);s
construct dispersions. The PL shift amplitudes toward the
target analytes showed no significant change between the PBS
buffer condition and 1% v/v saliva. The response specificity
over random control was also preserved (Figure 5d),
suggesting that the nanotube CP is agnostic to the adsorption
of saliva components at this saliva concentration to enable
successful transduction of hybridization events.

B CONCLUSIONS

Functionalizing SWCNTs with ssDNA presents a versatile and
intuitive approach for the detection of single-stranded DNA
and RNA oligonucleotides through hybridization and modu-
lation of the SWCNT fluorescence signal. In this work, we
systematically studied nucleotide hybridization on SWCNT
CPs using SARS-COV-2 sequences as model analyte targets.
Using a model of SWCNT solvatochromism, we explained the
observed PL changes as a modulation in the SWCNT surface
ssDNA coverage following complementary analyte addition.
We find that hybridization on the SWCNT surface has a lower
enthalpy (—11.9 k] mol™") than in the solution phase (—707 kJ
mol™"). We also validated a previous approach by attaching an
anchor region to the recognition region, which significantly
improved PL response and selectivity, with (GT),s anchors
superior to others tested. By correlating analyte sequence
features to PL responses, we found that secondary structures
such as hairpins and self-dimers are barriers to hybridization,
suggesting that target sequence design is important for the
overall detection process. We also varied incubation conditions
to improve PL responses, bath sonication, and surfactant
additions. Both showed ineffective improvements. Finally, the
best ssDNA CP candidates demonstrate biocompatibility in
complex media. The results of this study significantly improve
the understanding of nanotube ssDNA CP interactions with
solution-phase oligonucleotides.

The current study focuses on optimizing the sensor
performance in vitro by investigating optimal sensor design
and operating conditions. For the application of the sensor to
detect viral genomes in patient samples, future work should be
directed at improving the detection limit. The LODs of the
best DNA and RNA detection constructs, when used in the
solution phase as demonstrated in this study, in this work need
to be improved by 7 orders of magnitude to detect the SARS-
CoV-2 viral genome in patient saliva samples (5.2 log;, copies
per mL).” When immobilized and probed at the single
particle level, SWCNT sensors have been shown to resolve
down to single-molecule detection limits.”> Hence, a hardware
design that allows massively parallel monitoring of single
SWCNT fluorescent sensors should address this concern. As
another strategy to improve the detection limit, an RNA
amplification technique could be implemented prior to the
sensor assay. Loop-mediated isothermal amplification (LAMP)
is an excellent candidate due to its speed and simplicity. It

https://doi.org/10.1021/acs.jpcc.2c06434
J. Phys. Chem. C 2023, 127, 606—620



The Journal of Physical Chemistry C

pubs.acs.org/JPCC

requires minimal sample purification from the crude sample,
takes place under isothermal conditions, eliminating the need
for expensive thermal cyclers, and, most importantly, creates
products with long single-stranded loops of up to 100 mers
which can function as the target sites.”’ As the dsDNA
experiments have shown that the ssDNA-SWCNT is only
compatible with single-strand oligonucleotides, the LAMP
assay should be designed such that the single-stranded loops
contain the target region for recognition. We demonstrate that
this technique is agnostic to proteins and nucleotides present
in biofluids and potentially remains so to LAMP assay
enzymes. The versatility of this method and our findings
pave the way for the rational design of ssDNA-SWCNT
sensors against nucleotide targets, with potential implications
for infectious disease management.
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