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Significance

 Nonphotobleaching near-infrared 
fluorescent single-walled carbon 
nanotubes (SWCNTs) 
functionalized with ssDNA hold 
promise for biomedical 
applications. The current 
challenge in designing SWCNT-
based nanosensors is the inability 
to simultaneously achieve high 
sensitivity and selectivity to the 
target analyte. This paper 
presents a redox dye–mediated 
strategy to robustly and rationally 
engineer SWCNT-based 
nanosensors. The paper finds 
that nm-scale physical movement 
of a redox dye controlled by 
analyte adsorption to the ssDNA 
enables selective recognition of a 
large library of analytes and 
performs a mechanistic 
investigation confirming this 
strategy. The paper concludes by 
using energy transfer to design 
oligonucleotide nanosensors in a 
manner generalizable to a wide 
scope of biomolecular analytes: 
small molecules, nucleic acids, 
and proteins.
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Single-walled carbon nanotubes (SWCNTs) exhibit nonphotobleaching, near-infrared 
(NIR) fluorescence suitable for bioimaging applications. In particular, SWCNT fluores-
cence quenching induced by biopolymer dispersants facilitates flexible design of molecular 
nanosensors, yet challenges remain in analyte selectivity and lack of rational design strat-
egies. A sought-after alternative to haphazard molecular modulation of SWCNT-based 
fluorescence is to couple the movement of a quencher to the SWCNT surface, enabling 
fluorescence energy transfer to modulate molecular recognition with high selectivity. This 
study presents the rational design of SWCNT-based nanosensors with fluorescence energy 
transfer, leveraging the unique properties of methylene blue (MB) proximity–mediated 
fluorescence quenching. MB-SWCNT-based nanosensors exhibit 1- stability in redox envi-
ronments and 2- analyte-specific displacement-driven fluorescence modulation. By design-
ing hybridization-induced displacement of MB-conjugated ssDNA from the SWCNT 
surface, we calculate that SWCNT fluorescence modulation can occur within a 6.8 nm 
fluorescence resonance energy transfer distance from the SWCNT surface and develop 
a robust and versatile platform to synthesize oligonucleotide nanosensors with tunable 
ΔF/F0 of up to 150%. Building upon this strategy, we developed four distinct nanosensors 
capable of selectively detecting tobacco mosaic virus (TMV) viral RNA fragments, which 
successfully differentiated TMV-infected plants from mock controls. Finally, we demon-
strate the potential expansion of our design to target a wider scope of biomolecules using 
the biotin-avidin system as a model. Taken together, our study presents a generalizable 
platform that enables rational engineering of SWCNT NIR fluorescence intensity through 
MB distance-dependent fluorescence energy transfer, overcoming the intrinsic selectivity 
challenges of current SWCNT nanosensors.

single-walled carbon nanotube | biosensor | energy transfer

 Single-walled carbon nanotubes (SWCNTs) exhibit intrinsically stable, nonphotobleach-
ing fluorescence emission within the tissue-transparent near-infrared (NIR) region, thereby 
rendering them particularly advantageous for biosensing and imaging applications ( 1 ,  2 ). 
Furthermore, this photoluminescence can be altered in the presence of molecular inter-
action at the SWCNT surface. Thus, SWCNT-based nanosensors can be designed to 
translate specific molecular recognition into output signals manifesting as wavelength 
shifts or fluorescence intensity modulations ( 3 ,  4 ). Specifically, certain biopolymer dis-
persants, including single-stranded DNA (ssDNA), can effectively quench SWCNT pho-
toluminescence ( 5 ). This unique quenching property enables the design of nanosensors 
with high fluorescence turn-on/off ratios, offering significant advantages over other mech-
anisms such as solvatochromic wavelength shifts ( 6 ). Consequently, these nanosensors are 
typically designed to reverse the quenching effect in the presence of specific analytes. For 
instance, (GT)6﻿-wrapped SWCNTs demonstrated instantaneous fluorescence turn-on in 
response to dopamine, with their in vitro responses reaching 3,000% ( 7 ). Leveraging this 
high signal output, these nanosensors have been successfully utilized to visualize striatal 
dopamine release dynamics in mouse brain slices ( 8   – 10 ). Furthermore, systematic 
evolution-based screening of ssDNA facilitated the discovery of specific ssDNA sequences 
that confer sensitivity to other neurochemicals such as serotonin and oxytocin ( 11 ).

 Although ssDNA enables effective quenching-based high turn on/off ratio with 
near-infinite flexibility in sequence design, challenges remain in 1) the restricted selectivity 
of the nanosensors, particularly in distinguishing molecules with similar redox potentials, 
and 2) the necessity of screening sequences that enable molecular recognition. 
ssDNA-based fluorescence quenching has been understood as photoinduced charge trans-
fer processes between ionized nucleotide bases and SWCNTs, which is essentially an 
oxidation of SWCNTs ( 12 ). Therefore, various reducing molecules ( 13 ), including D
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dopamine and other catecholamines, can intrinsically reverse the 
quenching, thus posing significant challenges in discriminating 
between molecules with similar redox potentials, exemplified by 
catecholamines ( 7 ). Furthermore, the unpredictable relationship 
between molecular recognition and signal transduction mandates 
sequence screening, a process which is not always guaranteed to 
yield operable sequences. Moreover, colloidal stability is contin-
gent upon the ssDNA sequence, which cannot be assessed with-
out preparing the ssDNA-SWNCT constructs. This introduces 
additional restrictions that compromise the versatility and robust-
ness of SWCNT-based nanosensor design.

 Alternatively, certain organic charge-transfer molecules, com-
monly referred to as redox dyes, can also quench SWCNT photo-
luminescence. For example, O’connell et al. demonstrated that 
organic dyes can adhere to the SWCNT surface and trigger SWCNT 
fluorescence quenching and that this phenomenon is partially revers-
ible upon displacement of the dyes ( 14 ,  15 ). This study hinted that 
SWCNT fluorescence modulation might be controllable within a 
certain fluorescence resonance energy transfer distance from the 
SWCNT surface and potentially exploited for nanosensor develop-
ment. However, a critical drawback of these dyes was their limited 
aqueous phase solubility—a typical characteristic of organic dyes—
which often results in incompatibility with nanosensors that operate 
in aqueous environments. Recently, Zheng et al. observed a similar 
quenching effect from methylene blue (MB), a water-soluble fluo-
rescent redox dye widely used as an electrochemical and fluorescent 
probe ( 16 ). Furthermore, as elaborated below, we found that, unlike 
ssDNA, this MB-induced fluorescence quenching remains stable in 
the presence of typical reducing molecules abundant in biological 
fluids. Thus, we hypothesized that MB could serve as a fluorescence 
resonance energy transfer-based modulator of SWCNT fluorescence 

that could be used to develop SWCNT-based nanosensors that 
exhibit high turn-on/off ratios and high selectivity to the target 
biomolecules. 

Results and Discussion

 To validate MB for developing quenching-based nanosensors, we 
investigated the properties of MB-mediated SWCNT fluorescence 
quenching.  Fig. 1A   illustrates representative NIR fluorescence spectra 
of (GT)15﻿-wrapped SWCNT with successive additions of 0, 30 nM, 
100 nM, and 1 μM MB. As expected, MB instantaneously quenches 
SWCNT fluorescence in a dose-dependent manner. The normalized 
fluorescence changes (ΔF /F﻿0 ) fit an isothermal adsorption curve, con-
firming that MB adsorption causes fluorescence quenching ( Fig. 1B  ). 
Assuming full reversibility, SWCNT ΔF /F﻿0  can potentially reach up 
to 3,000%, a value comparable to the best responses generated by 
SWCNT-based dopamine nanosensors ( 7 ). UV-vis-NIR absorption 
spectroscopy of SWCNT with 1 μM MB revealed no change in the 
SWCNT absorption profile, indicating a fluorescence quenching 
mechanism based on a photoinduced excited-state charge transfer 
(SI Appendix, Fig. S1 ) ( 15 ). Furthermore, the reported reduction 
potential of MB ranges from 0.01 to −0.88 V vs. SHE (standard 
hydrogen electrode), aligning well with the energy level favorable for 
this mechanism ( 17 ,  18 ). This feature is crucial for adsorption/
desorption-induced reversibility, as ground-state charge transfer in 
contrast would result in fluorescence bleaching that is irreversible 
without the addition of reducing agents ( 14 ). To test this hypothesis, 
we tested and found that, removal of unbound MB from the solution 
resulted in partial reversal of fluorescence quenching, confirming that 
desorption of MB from the SWCNT surface can reverse the quench-
ing effect ( Fig. 1C  ).        

Fig. 1.   Characterization of MB-induced fluorescence quenching of (GT)15-SWCNTs. (A) Representative NIR fluorescence spectra of (GT)15-SWCNT recorded 30 
min after successive additions of 0, 30 nM, 100 nM, and 1 μM MB (N = 3). (B) Corresponding ΔF/F0 at (9,4) chirality peak plotted as a function of the unbound MB 
concentration at equilibrium, [MB]fr (N = 2, error bars represent SD). The determination of [MB]fr is detailed in SI Appendix, Supporting Text S1. (C) Average NIR 
fluorescence spectra (N = 2) of (GT)15-SWCNT (gray), with 1 μM MB (30 min, blue), and 1 h after three rounds of spin filtration (green). Colored regions represent 
SD. (D) Average ΔF/F0 of (GT)15-SWCNT (synthesized in 10 mM NaCl, green), and (GT)15-SWCNT preincubated 1 h in 1 μM MB (synthesized in 1X PBS, blue) at (9,4) 
chirality peak, measured 5 min after the addition of 10 μM of various reducing molecules: dopamine, L-ascorbic acid, NADH, glutathione, and L-cysteine; and 
0.1X human plasma (N = 2, error bars represent SD). (E) Fluorescence intensity changes upon addition of 1 μM MB and 10 μM ascorbic acid (AA) in different 
sequential orders (N = 3). All N represent individual batches of SWCNT conjugates.D
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 Since fluorescence quenching is essentially an “oxidation” of 
SWCNT, reducing molecules are generally known to reverse the 
quenching effect of ssDNA ( 13 ). We therefore tested whether the 
addition of reducing molecules can recover fluorescence of 
MB-quenched SWCNT. Specifically, we examined the effect of 
several reducing molecules abundant in biological fluids (dopa-
mine, L-ascorbic acid, NADH, glutathione, and L-cysteine) on 
MB-quenched SWCNT fluorescence, and compared MB-based 
quenching to ssDNA-based quenching. We also tested the effect 
of human plasma as an example of a complex biological fluid 
containing various redox molecules. For these assays, we mixed 
(GT)15﻿-SWCNT with 1 μM MB, the minimum MB concentra-
tion required to reach quenching saturation, and added 10-fold 
excess of reducing molecules. We also prepared a sample of 
(GT)15﻿-SWCNT alone, without MB, as described previously ( 9 ) 
and in SI Appendix, Fig. S2 . As expected, all reducing molecules, 
including plasma, reversed ssDNA-based quenching, with 
(GT)15﻿-SWCNT ΔF /F﻿0  ranging from 400 to 500% upon addition 
of these reducing molecules ( Fig. 1D   green and SI Appendix, 
Fig. S3 ). In contrast, these reducing molecules had minimal 
impact on the MB-quenched (GT)15﻿-SWCNT, with a maximum 
ΔF /F﻿0  of 30% with the addition of plasma; thus, highlighting an 
important difference of MB from ssDNA in terms of redox-based 
reversibility ( Fig. 1D  , blue and SI Appendix, Fig. S3 ). Furthermore, 
we tested two representative oxidizing reagents, hydrogen peroxide 
(H2 O2 ) and flavine adenine dinucleotide (FAD), and found neg-
ligible impact on the MB-quenched baseline (SI Appendix, 
Fig. S4 ). Importantly, the order of addition of the reducing mol-
ecule and MB did not affect the final fluorescence intensity of 
SWCNT, indicating that ssDNA- and MB-mediated quenching 
are independent of each other ( Fig. 1E  ). Our results thus motivate 

the use of MB as a fluorescence mediator to develop NIR fluores-
cent nanosensors with rationally designed target-specificity.

 The properties of MB-mediated fluorescence quenching, 
namely its insensitivity to redox environments and reversibility 
through desorption ( Fig. 1D  ), led us to hypothesize that nano-
sensors with high selectivity could be rationally designed by cou-
pling specific molecular recognition on SWCNTs to MB 
movement. To explore this strategy's viability, we engineered an 
SWCNT corona wherein DNA hybridization selectively modu-
lates SWCNT fluorescence intensity through concurrent MB 
displacement. Our model system consisted of (GT)15 T20﻿-wrapped 
SWCNTs designed to hybridize with the target sequence, A20  
( Fig. 2A  ) ( 19 ). We covalently conjugated MB to the hybridizing 
region (T20 ), anticipating that A20  target binding would induce 
partial desorption of the double helix within the T20  domain, 
thereby displacing MB from the SWCNT surface ( 20 ,  21 ). To 
maximize surface displacement, MB was conjugated to the 3′-end 
of T20 . All ssDNA-wrapped SWCNTs were prepared using stand-
ard sonication-based dispersion in 1X PBS, conditions under 
which ssDNA does not quench SWCNT fluorescence, thus min-
imizing contributions from nonspecific turn-on responses 
(SI Appendix, Fig. S2 ).        

 To investigate whether A20  target binding induces desorption 
of the MB-tagged T20  target ssDNA hybridized on SWCNT, we 
first sought to quantify MB density on the SWCNT surface. MB 
itself is a fluorophore with excitation/emission wavelength peaks 
at 660/670 nm ( 22 ), and SWCNTs are known to be effective 
quenchers of fluorescent dyes ( 23     – 26 ). We therefore hypothesized 
that MB adsorption to SWCNTs could be quantified by measuring 
MB fluorescence without interference from SWCNT NIR fluo-
rescence. We tested this hypothesis by comparing MB fluorescence 

Fig. 2.   Quantification of MB dynamics on SWCNTs. (A) Conceptual illustration of nanosensors comprising binder sequence: (GT)15 and target-binding sequence: 
T20. NIR fluorescence quencher dye MB is conjugated to the 3′-end of ssDNA. Hybridization of the complement sequence, A20, induces partial desorption of the 
double-helix from the SWCNT surface, thereby modulating the NIR fluorescence intensity. (B) MB fluorescence (baseline subtracted) of ssDNA [Left: (GT)15T20 and 
Right: (GT)15T20MB] before 1) and after 2) desorption from SWCNT via surfactant-based surface exchange. N = 2 (technical replicates), with error bars representing 
SD. DOC: sodium deoxycholate. (C) Baseline subtracted MB fluorescence of (GT)15T20MB-SWCNT following dose-dependent addition of A20 (green) and T20 (blue). 
Measurements were performed 12 h after the addition of the analytes. (D) Average NIR fluorescence spectra of (GT)15T20-SWCNT (blue), (GT)15T20MB-SWCNT 
(orange), and (GT)15T20MB-SWCNT + 1 μM A20 (green, 12 h incubation). Spectra are averages of two individual batches, and the colored regions represent SD.D
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of (GT)15 T20 MB-SWCNT before and after complete ssDNA 
displacement from the SWCNT surface by surfactant-induced 
surface exchange. As expected, MB fluorescence increased from 
220 a.u. when adsorbed in (GT)15 T20 MB-SWCNT format to 
3,890 a.u. after surfactant-induced displacement of (GT)15 T20 MB 
from the SWCNT, representing 95% dequenching upon desorp-
tion from SWCNT and confirming the ability of SWCNTs to 
effectively quench MB fluorescence ( Fig. 2B  ). Notably, 95% of 
adsorbed MB molecules were quenched, indicating that most of 
the (GT)15 T20  ssDNA is adsorbed close to the SWCNT surface. 
Based on this assay, we estimated the number of MB molecules on 
SWCNTs to be 0.35 μmol per mg of SWCNTs (SI Appendix, 
Fig. S5 ). Next, we added target (A20 ) and control (T20 ) ssDNA 
sequences in a concentration-dependent manner to assess whether 
hybridization selectively displaces MB from the SWCNT surface. 
As expected, MB fluorescence increased selectively with the addi-
tion of 1 μM A20 , confirming target binding indeed drives deso-
rption of hybridized complexes along with MB ( Fig. 2C  ). However, 
this displacement of MB was not reflected in the SWCNT NIR 
fluorescence intensity, as the addition of 1 μM A20  resulted in only 
a slight ΔF /F﻿0  = 15% intensity change ( Fig. 2D  ). Nevertheless, 
equimolar addition of T20  generated ΔF /F﻿0  = -7.5%, indicating 
that the NIR fluorescence intensity change upon A20  addition is 
a result of target binding.

 DNA hybridization-induced MB displacement from the 
SWCNT surface was evidenced by MB dequenching fluorescence 
studies; however, this phenomenon failed to manifest in SWCNT 
NIR fluorescence intensity modulations. We hypothesized that the 
high density of MB molecules on SWCNTs resulted in insufficient 
total displacement to elicit detectable SWCNT fluorescence changes. 
In fact, comparing MB fluorescence of (GT)15 T20 MB-SWCNT + 
A20  with fully desorbed (GT)15 T20 MB revealed that even at maxi-
mum A20  concentration of 10 μM, only 6% of total MB molecules 
were displaced from SWCNT surfaces ( Fig. 2 B  and C  ). Thus, to 
amplify the transduction of MB displacement to SWCNT NIR 
fluorescence intensity changes, we implemented a strategy to regulate 
the MB molecule density on SWCNTs during sensor preparation, 
thereby enabling larger intensity changes from restricted quantities 
of MB being displaced (SI Appendix, Fig. S6 ). Specifically, we doped 
ssDNA-SWCNTs with unlabeled (GT)15  as a spacer sequence dur-
ing synthesis to modulate MB density on SWCNTs. In other words, 
ssDNA-SWCNT conjugates were synthesized with variable 
(GT)15 :(GT)15 T20 MB (m/m) ratios, presuming equivalent SWCNT 
binding affinities for both sequences.

 As expected, a linear correlation was observed between percent 
(GT)15 T20 MB in the starting mixture and the number of 
(GT)15 T20 MB molecules on SWCNTs (SI Appendix, Fig. S5 ), 
thereby enabling precise control over MB density on SWCNTs and, 
consequently, baseline NIR fluorescence intensity of the constructs 
( Fig. 3A  ). Accordingly, maximal SWCNT fluorescence intensity 
transitions were identified in the 15 to 20% (GT)15 T20 MB range, 
suggesting that a 15 to 20% MB surface coverage—corresponding 
to 0.05-0.06 μmol per mg of SWCNTs—would induce maximal 
SWCNT response potential upon target binding ( Fig. 3B  ). Notably, 
ssDNA-MB conjugates adsorbed to SWCNTs exhibited enhanced 
quenching efficiency compared to MB alone binding to SWCNTs, 
requiring fewer molecules in the former to achieve equivalent 
quenching levels (SI Appendix, Fig. S7 ).        

  Fig. 3B   illustrates the ΔF /F﻿0  responses (bottom axis, bar graph) 
and baseline fluorescence intensity (top axis, yellow points) of the 
(9,4) SWCNT chirality peak as a function of percent (GT)15 T20 MB, 
with representative spectra at 10, 15, and 40% shown on the right. 
As predicted from baseline fluorescence transition, ΔF /F﻿0  peaked 
at 80% with 15% MB content upon addition of only 100 nM A20 . 
Complementary MB fluorescence assays confirmed that the number 
of displaced MB molecules is independent of percent (GT)15 T20 MB 
content, highlighting the importance of controlling MB prequench-
ing molecule density in maximizing SWCNT ΔF /F﻿0  responses 
(SI Appendix, Fig. S8 ). MB-free ssDNA-SWCNT constructs served 
as additional negative control, validating A20  response specificity to 
MB displacement from SWCNTs (SI Appendix, Fig. S9 ).

 We subsequently investigated the position dependence of MB 
molecules within (GT)15 T20  by modulating the MB conjugation 
site, denoted as (GT)15 T20 : (n ), where MB is conjugated adjacent 
to the n th nucleotide (nt) base of (GT)15 T20 .  Fig. 3C   depicts 
ΔF /F﻿0  of the SWCNT (9,4) chirality peak as a function of n   
(n  = 1, 26, 28, 30, 50) (corresponding spectra shown in 
﻿SI Appendix, Fig. S10 ). As expected, ΔF /F﻿0  diminished as MB was 
repositioned from 3′ to 5′ ends of (GT)15 T20 , becoming negligible 
at n  = 26 (i.e., 4 nucleotides 5′ from the start of the T20 ). This 
result further implies that hybridization specifically displaces the 
hybridized region, while the “anchoring” portion of the ssDNA 
itself remains attached to SWCNTs ( Fig. 2A  ), suggesting potential 
nanosensor reversibility. Notably, n  = 28 and 30, positions near 
the (GT)15﻿-T20  interface that are predicted to allow minimal MB 
displacement, still exhibited considerable responses of 40% and 
50% ΔF /F﻿0 , respectively. This suggests SWCNT fluorescence is 
highly sensitive to the distance of MB from the surface, and the 

Fig. 3.   Transduction of DNA hybridization on SWCNTs to NIR fluorescence modulations. (A) NIR fluorescence spectra of ssDNA-SWCNTs synthesized with 
variable (GT)15:(GT)15T20MB ratios (5, 10, 15, 20, 30, and 40%). The top schematic illustrates the strategy to modulate MB density on SWCNTs by incorporating 
(GT)15 as a spacer. (B) (Left, bar graph) Average ΔF/F0 responses of corresponding SWCNT constructs at (9,4) chirality peak after 12 h incubation with 100 nM 
A20, as a function of percent (GT)15T20MB (left axis). Yellow dots represent baseline fluorescence intensity at (9,4) chirality peak (top axis). (Right) Representative 
fluorescence spectra of percent (GT)15T20MB = 10, 15, and 40% with (blue) and without (purple) 100 nM A20. (C) ΔF/F0 responses of 15% (GT)15T20MB: (n)-SWCNTs 
at (9,4) chirality peak as a function of n (n = 1, 26, 28, 30, and 50). For B and C, N = 4, with data points represented by black dots; error bars represent SD. Each 
N represents an individual batch of SWCNT constructs.D
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flexibility of ssDNA near the hybridized region. Based on these 
studies, we find that SWCNT fluorescence modulation can occur 
within a physical distance of 6.8 nm from the SWCNT surface, 
assuming that the T20  domain, when fully hybridized to A20 , acts 
as an inflexible polymer ( 27 ). Collectively, these findings corrob-
orate the feasibility of modulating SWCNT fluorescence intensity 
via MB movement linked to molecular recognition at the 
SWCNT surface.

 These promising results motivated us to apply this technology 
to develop a versatile platform for oligonucleotide-detecting nano-
sensors. DNA and RNA oligonucleotides serve as substrates that 
indicate the presence of pathogens ( 28 ) and various diseases, 
including cancer ( 29 ) and neurodegenerative disorders ( 30 ). 
Consequently, NIR fluorescent oligonucleotide probes hold sig-
nificant potential for diverse biomedical applications. Previously 
reported SWCNT-based NIR fluorescent nanosensors for oligo-
nucleotides have been limited to signal transduction via unpre-
dictable wavelength shifts of 1 and 2 nm ( 31 ) or surfactant-amplified 
wavelength (~10 nm) and/or intensity changes ( 32 ,  33 )—methods 
that are challenging to translate to complex biological environ-
ments. Moreover, those approaches necessitate trial-and-error-based 
selection of appropriate target-binding sequences ( 33 ), compro-
mising flexibility in rational nanosensor design. In this regard, our 
proposed design is capable of directly transducing DNA hybrid-
ization events on SWCNTs to fluorescence intensity changes, thus 
potentially enabling the development of a robust and versatile 
oligonucleotide detection platform. Notably, our nanosensor 
design decouples SWCNT dispersal from analyte detection. Our 
nanosensor incorporates a spacer sequence, conferring target- 
binding sequence-independent colloidal stability to the nanosen-
sor constructs—a challenge typically encountered in conventional 
nanosensor designs. Furthermore, the target-binding sequence can 
be rationally designed to detect analytes of interest with high selec-
tivity while minimally affecting sensor stability or fluorescence 
intensity changes.

 Therefore, we sought to test the robustness and versatility of our 
MB dequenching-based platform by developing nanosensors with 
four distinct target-binding sequences to detect tobacco mosaic 
virus (TMV) in plants. TMV, a highly infectious plant virus, pri-
marily affects tobacco, tomatoes, and other economically important 

crops, causing substantial yield losses in industry ( 34 ,  35 ). We 
selected four target RNA sequences of varying lengths (25 to 41 
nt) from the TMV genome encoding coating protein. Our pilot 
study revealed that MB conjugation to the 3′-end of the TMV1 
target-binding sequence [(GT)15 TMV1-MB55 ] generated insuffi-
cient response to the target ssDNA, with only 10 to 20% ΔF /F﻿0 , 
despite well-quenched baseline fluorescence (SI Appendix, Fig. S11 ). 
The less effective quenching of (GT)15 TMV1-MB55  at comparable 
MB density on SWCNTs compared to (GT)15 T20﻿-MB indicated 
ineffective target-binding sequence binding on SWCNT, especially 
at the 3′ terminus, leading to only partial displacement of MB ( 36 ). 
Consequently, leveraging our finding that internally positioned MB 
within the target-binding sequence can induce effective SWCNT 
fluorescence modulation ( Fig. 3C  ), we identified an optimal MB 
position 6 nucleotides 3′ from the start of the TMV target-binding 
sequence (i.e., 36th nucleotide within the whole sequence, as illus-
trated in  Fig. 4 A  , Top ).        

 The NIR fluorescence spectra of 15% (GT)15 TMV1-MB36﻿- 
SWCNT [mixture of 15% (GT)15 TMV1-MB36  with 85% (GT)15 ], 
revealed a robust response to the target ssDNA complement com-
pared with control PBS, with ΔF /F﻿0  at (9,4) chirality peaking at 
60% for 1 μM ssDNA ( Fig. 4A  ). This sensitivity and selectivity was 
further validated across all nanosensor variants, each responding 
specifically to its target ssDNA while remaining inert to scrambled 
controls (SI Appendix, Fig. S12 ). Notably, even TMV4, despite its 
extended nucleotide length (41 nt target-binding sequence, 71 nt 
total), maintained selectivity with a ΔF /F﻿0  of 30%. Investigation 
of chirality dependence revealed that SWCNTs with shorter diam-
eters generally produced larger ΔF /F﻿0 , exceeding 100% for (6,5) 
chirality species in TMV1 and TMV2 ( Fig. 4B   and SI Appendix, 
Fig. S13 ; see SI Appendix, Fig. S14  for peak deconvolution). Next, 
we assessed the nanosensors' efficacy in recognizing extended DNA 
and RNA oligonucleotides. The ΔF /F﻿0  responses of (7,5) chirality 
nanosensors were evaluated against a panel of analytes, including 
90 nt target ssDNA with multiple binding domains (TMV1 and 
TMV3), and 30 nt ssRNA (complement and scrambled) for TMV1 
( Fig. 4C  ). The results demonstrate appreciable sensitivity and selec-
tivity of the nanosensors to long ssDNA fragments and ssRNAs, 
whereby the same TMV oligonucleotides but in a scrambled 
sequence do not modulate SWCNT fluorescence intensity. Notably, 

Fig. 4.   Development of an SWCNT-based versatile platform for oligonucleotide detection. (A) NIR fluorescence spectra of (GT)15TMV1-SWCNT following addition 
of 1X PBS (orange) and 1 μM target ssDNA (green) (N = 2, with colored regions representing SD). (B) Chirality-dependent integrated ΔF/F0 responses following 
incubation with 1 μM target ssDNA as a function of different nanosensors (N = 2, with error bars indicating SD). (C) Heat map representing integrated ΔF/F0 at 
(7,5) chirality spectrum as a function of different nanosensors and 1 μM of varying analytes: complement target ssDNA, scrambled ssDNA, 90 nt long target 
ssDNA including binding domains for TMV1 and TMV3, 30 nt target ssRNA including TMV1-binding domain, and its scrambled sequence (N = 2). All data in (A–C) 
were collected after 24 h of incubation postanalyte addition. Each N represents a distinct nanosensor batch. (D) Detection of endogenous TMV-originating 
oligonucleotides in Nicotiana benthamiana leaf extracts. The figure represents the integrated ΔF/F0 ratios after treatment with the DNA/RNA samples extracted 
from TMV-infected and mock control plant leaves as a function of nanosensors with target-binding sequences: TMV1, TMV2, TMV3, and T20. The concentration 
of the sample was normalized to 0.1 mg/mL using oligonucleotide absorbance at 260 nm. Data were acquired after 48 h of incubation. Each plot represents 
an average of three to five technical replicates, with a total of four biological replicates. Each color represents a specific chirality. Horizontal lines indicate the 
mean value of the entire dataset. Statistical comparisons between each TMV nanosensor and the control were conducted using Welch’s t test with a significance 
threshold of P < 0.05.D
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(GT)15 TMV1-SWCNT detected 90 nt ssDNA in a dose-dependent 
manner down to 10 nM (SI Appendix, Fig. S15 ). Corresponding 
fluorescence spectra and comprehensive chirality comparisons are 
presented in SI Appendix, Figs. S16 and S17 .

 Subsequently, we demonstrate the potential applicability of our 
nanosensors as a diagnostic tool for TMV infection in crops. We 
employed N. benthamiana  as a plant model, subjecting it to TMV 
infection alongside mock controls. Following a 1- to 2-wk incu-
bation period (SI Appendix, Fig. S18 ), we harvested infected leaves 
and extracted nucleic acids by CTAB purification. The diluted 
extracts were mixed with nanosensors without further purification 
or amplification, followed by NIR fluorescence characterization. 
The efficacy of our approach is evidenced in  Fig. 4D  , which pre-
sents the ΔF /F﻿0  ratios of TMV-infected versus mock samples 
across three TMV-specific nanosensors and one control mock 
nanosensor lacking the TMV target-binding sequence. The con-
sistent observation of ΔF /F﻿0  SWCNT fluorescence ratios exceed-
ing 1 for TMV nanosensors, contrasted with significantly smaller 
values for the mock nanosensor control, provides compelling 
evidence of successful endogenous TMV-derived oligonucleotide 
detection. Meanwhile, significant variation in the ΔF /F﻿0  ratios 
was observed, likely due to fluctuations in viral RNA concentra-
tions and inherent biological variability of working with biofluid 
samples, which is reflected in the variable nanosensor sensitivity. 
Using RT-qPCR, we estimated the viral RNA concentration in 
the samples to be between 0.1 and 0.5 ng/μL, indicating the need 
for further refinement of the nanosensor design to achieve very 
early viral detection.

 Finally, we sought to demonstrate the broader applicability of 
MB-mediated fluorescence quenching for designing nanosensors 
targeting analytes beyond oligonucleotides. We hypothesized that 
a target molecule binding to a receptor conjugated to (GT)15  could 
trigger MB displacement. To test this concept, we employed the 
biotin-avidin system as a model receptor–target pair, conjugating 
biotin to the 3′-end of (GT)15 A6 . In this design, A6  serves as a linker, 
with MB conjugated to the 32nd nucleotide of the sequence.

  Fig. 5A   illustrates the NIR fluorescence spectra of 20% 
(GT)15 A6 MB32﻿-Biotin-SWCNT upon incubation with biotin- 
binding neutravidin, or control protein bovine serum albumin 
(BSA). As anticipated, the addition of 100 nM neutravidin induced 
a remarkable 100% increase in the SWCNT fluorescence intensity, 
contrasting with the modest 10% SWCNT fluorescence increase 

observed with the BSA control. While slight variations in response 
magnitude were noted, all biotin-binding proteins (avidin and 
streptavidin) elicited responses from the nanosensor (SI Appendix, 
Fig. S19  and  Fig. 5B  , green). To validate the mechanism underlying 
this response, we synthesized nanosensors using the same sequence 
but lacking either the MB quencher or the biotin recognition ele-
ment. These control nanosensors exhibited minimal responses to 
neutravidin and BSA, confirming that the observed fluorescence 
intensity increase is indeed driven by neutravidin-biotin binding- 
induced MB displacement ( Fig. 5B  ). Importantly, our design main-
tains its insensitivity to redox molecules, which normally strongly 
and indiscriminately modulate SWCNT fluorescence. The insensi-
tivity of our MB-based SWCNT nanosensors to redox molecules 
highlights the potential utility of our platform for developing highly 
selective nanosensors that overcome issues of SWCNT nanosensor 
indiscriminate fluorescence modulation upon exposure to biofluids 
( Fig. 5C   and SI Appendix, Fig. S20 ). The results herein indicate  
the potential expansion of our platform by conjugating various 
 recognition units—such as MB-tagged aptamers, antibodies, or 
nanobodies, to create highly selective SWCNT-based NIR fluores-
cent probes.          

Conclusions

 In this study, we developed a SWCNT-based nanosensor platform 
that harnesses the unique properties of dye-mediated fluorescence 
quenching. In particular, we leveraged the ability of methylene blue 
(MB) to effectively quench SWCNT fluorescence. We found that 
this quenching occurs through an adsorption-driven photoinduced 
charge transfer mechanism, which is reversible upon MB displace-
ment from the SWCNT surface. We quantify the magnitude of this 
photoinduced charge transfer mechanism and calculate that 
SWCNTs are sensitive to MB proximity within a FRET distance of 
6.8 nm of their surface. The remarkable stability of MB’s quenching 
effect in redox environments sets it apart from quenching by other 
common dispersants such as ssDNA-based quenching, motivating 
its use as a fluorescence mediator for robust nanosensor designs and 
future in vivo use. As a proof-of-concept, we engineered an SWCNT 
corona with ssDNA comprising an SWCNT-binding sequence 
(GT)15 , followed by a target-binding sequence T20 , with MB con-
jugated to the 3′-end of T20 , under the hypothesis that target binding 
would induce the desorption of the hybridized complex along with 

Fig. 5.   Biomolecule recognition leveraging the dye-quenching mechanism. (A) NIR fluorescence spectra of 20% (GT)15A6MB32-Biotin-SWCNT without analyte 
(black), with 100 nM neutravidin (green), and with 100 nM BSA (orange). Data were collected 12 h after addition of the target proteins or buffer alone. (B) ΔF/F0 
responses of 20% (GT)15A6MB32-Biotin-SWCNT (green), 20% (GT)15A6-Biotin-SWCNT (purple), and 20% (GT)15A6MB32SWCNT (pink) (N = 2, error bars represent SD). 
(C) ΔF/F0 responses of 20% (GT)15A6MB32-Biotin-SWCNT following the addition of 10 μM reducing molecules: dopamine, ascorbic acid, glutathione, cysteine, and 
0.1X plasma as final concentrations (N = 2, error bars represent SD). All N represent individual nanosensor batches.D
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the conjugated MB. After confirming hybridization-induced MB 
displacement via MB fluorescence, we precisely controlled MB den-
sity on SWCNTs by incorporating (GT)15  as a spacer, achieving a 
maximum ΔF /F﻿0  response of 80% to the target sequence alone. 
Expanding on these initial findings, we developed a robust and ver-
satile platform for oligonucleotide detection, using TMV as a model 
pathogen. By optimizing MB position within the target-binding 
sequence, we demonstrated the sequence- and length-independent 
development of four distinct TMV probes capable of selectively 
detecting their complement target sequences with ΔF /F﻿0  exceeding 
100% at specific SWCNT chiralities. We successfully applied these 
nanosensors to distinguish TMV-infected plants from mock con-
trols. Finally, we demonstrated the potential expansion of our design 
to target a wider scope of molecular recognition elements using the 
biotin-avidin system as a model. By attaching biotin to the MB-
conjugated ssDNA, we developed a sensor that could selectively and 
robustly respond to biotin-binding proteins through the same MB 
displacement mechanism as our oligonucleotide nanosensors, with-
out promiscuous fluorescence modulation by redox-active mole-
cules. In future studies, optimizing the design of the SWCNT 
corona could mitigate slow response kinetics, thereby broadening 
the potential applications of this technology. Furthermore, integrat-
ing anti-biofouling properties into the nanosensor design would 
enhance the feasibility for nanosensor applications in complex bio-
logical environments. Our study therefore presents a generalizable 
platform that enables rational engineering of SWCNT NIR fluo-
rescence intensity, potentially overcoming intrinsic selectivity chal-
lenges of existing SWCNT nanosensors for more seamless 
applications across diverse biological systems.  

Materials and Methods

Synthesis of Methylene Blue–Conjugated ssDNA Oligonucleotides. 
Lyophilized, primary amine-modified ssDNA oligonucleotides were purchased 
from IDT, with a full list of sequences provided in Supporting Information 
(SI Appendix, Fig. S21). 30 OD ssDNA was dissolved in 0.2 mL of a pH 8.5, 0.091 
M sodium tetraborate (Sigma-Aldrich S9640) buffer. Then, 50 μL of 14 mM meth-
ylene blue-NHS ester (Sigma-Aldrich 43499) in DMSO was mixed with ssDNA 
in a 2 mL DNA low-bind tube. The mixture was placed on a rotary shaker at 20 
rpm for 2 h. For purification, 1 mL of ethanol/3M sodium acetate (Sigma-Aldrich 
S2889) (9:1 V/V) was added to the mixture, and centrifuged for 20 min at 13,000 
rpm at 12 °C using a microcentrifuge (Eppendorf 5425 R). The precipitate was 
washed two times by gently swirling in ice-cold 70% ethanol. The final pellet 
was vacuum-dried and stored at −20 °C as a 5 mg/mL aliquot in water. Typical 
synthesis yielded 90% ssDNA conjugate with conjugation efficiency varying from 
80 to 90% (quantified by MB fluorescence at ex/em = 658/670 nm and oligonu-
cleotide absorbance at 260 nm using Nanodrop).

Synthesis of ssDNA-Wrapped SWCNT Dispersion. Single-stranded DNA 
oligonucleotides (5 mg/mL aliquot in water) were mixed with HiPCO SWCNT 
(Nanointegris; 2 mg/mL stock in water) in 1X PBS or 10 mM NaCl to a final vol-
ume of 1.2 mL and concentrations of 0.2 mg/mL and 0.1 mg/mL, respectively. 
10 mM NaCl was used only for the ssDNA-quenched (GT)15-SWCNT samples. The 
mixture was sonicated in an ice bath using an ultrasonicator (CPX 130, Sonics & 
Materials) for 30 min at 6 W. Then, the sample was centrifuged for 4 h at a rate 
of 21,000×g and under 4 °C. 1 mL of the top supernatant was collected, and the 
centrifugation was repeated at a 30-min cycle until the minimal pellets were 
observed. Centrifuged samples were stored under 4 °C without further purifi-
cation for long-term storage for up to 3 mo. Unbound ssDNA was removed by 
performing four rounds of spin filtration using a 100 kDa spin column (Amicon 
Ultra) in until no detectable ssDNA remained in the flowthrough. The final con-
centration of SWCNT was determined by absorbance at 632 nm and stocked as 
50 mg/L aliquot. Purified nanosensors were used within 2 wk. For the nanosen-
sor synthesis, (GT)15 (5 mg/mL aliquot in water) was mixed with MB-conjugated 
ssDNA with an appropriate ratio to a total concentration of 0.2 mg/mL.

Near-Infrared Fluorescence Spectroscopy. NIR fluorescence spectroscopy was 
performed using a custom-built, inverted Zeiss microscope (Axio Observer.D1, 10X 
objective) with a 721 nm excitation laser source coupled to a short-wavelength IR 
spectrometer (Princeton Instruments, SCT 320) and InGaAs detector (PyLoN-IR). 
SWCNT NIR emission was collected within 850 to 1,350 nm wavelength at 500 
ms exposure time. In a typical experiment, SWCNT nanosensor stock was diluted 
to 1 mg/L in 1X PBS, and 99 μL was placed in a 384-well plate. Then, 1 μL of 100X 
concentrated analyte solution was added during the measurement. Conditions 
specific to the measurement are mentioned in the corresponding figure captions. 
All redox molecules (dopamine hydrochloride, sodium L-ascorbate, NADH, glu-
tamate, and L-cysteine) and biotin-binding proteins (avidin, streptavidin, and 
neutravidin) were purchased from Sigma-Aldrich. Recovered plasma from pooled 
human donors was purchased from Medix Biochemica USA Inc. and centrifuged 
for 20 min at 4 °C before the measurements. For ssDNA (T20) and biotin-binding 
protein measurements, fluorescence readings were taken after 12 h incubation to 
account for the ssDNA desorption kinetics (21). For longer TMV sequences where 
hybridization kinetics are slower, measurements were taken after 48 h incubation.

ssDNA Desorption and MB Fluorescence Assay. A ssDNA-SWCNT stock was 
diluted to a 50 μL of 10 mg/L in 1% sodium deoxycholate (DOC; Sigma-Aldrich 
D6750), 1X PBS. The mixture was heated at 95 °C for 1 h using the T100TM ther-
mal cycler (BIO-RAD). Then, 50 μL 1X PBS was added to adjust the volume of the 
sample to 100 μL, followed by the fluorescence measurement (ex/em = 658/670 
nm) in a 96-well plate using a plate reader (Infinite M Plex, Tecan. Each data 
point was generated as an average of 16 measurements, splitting each well into 
4 × 4 regions. When MB fluorescence measurements were performed without 
desorption of ssDNA, SWCNT stock was diluted to 100 μL of 5 mg/L in 1X PBS 
with appropriate concentration of analytes.

Plant Growth and Maintenance. Plants were grown in a growth chamber set 
at a temperature of 24 °C, a light intensity of 100 to 150 µmol m−2 s−1, and a 
photoperiod of 16 h light/8 h dark. N. benthamiana seeds were surfaced-sterilized 
using 15% bleach and 0.1% Tween-20, washed in H2O, and suspended in 1% agar 
before planting. Seeds were sown in Sunshine Mix #4 soil (Sun Gro® Horticulture) 
and allowed to germinate in the growth chamber for 7 d. Healthy seedlings were 
transferred individually to 10 cm pots for further growth. Fertilization was done 
on a weekly basis with 75 ppm N 20–20–20 general-purpose fertilizer and 90 
ppm N calcium nitrate fertilizer reconstituted in water.

Viral Infection. TMV strain U1 (TMV-U1) was used as the viral pathogen. The viral 
sap stock inoculum was prepared by macerating TMV-U1-infected Nicotiana Tabacum 
L. cv. Petite Havana SR1 leaf tissue, resuspending the tissue in 20 mM sodium phos-
phate buffer (pH 7.0), and storing the resulting stock in a freezer at −80 °C. Viral sap 
stocks had approximately >7 to 53 μg viral particles/mL (as determined by qRT-PCR).

Viral inoculations were performed based on a previously described method 
(37) and described briefly below. 4- to 5-wk-old N. benthamiana plants were 
used for the TMV infection experiments. 5 to 10 μL of viral sap stock was pipetted 
onto the mid-vein of the third and fourth oldest true leaves. The sap was gently 
rubbed from the mid-vein outward using a gloved hand. After several minutes, 
the remaining sap was rinsed off the leaves with milliQ water using a squirt 
bottle. A similar procedure was done for mock-infected plants, but milliQ water 
was used instead of viral sap. Infected and mock-infected plants were placed in 
an isolated growth room to grow over 10 to 14 d.

Tissue Collection and Processing. 10 to 14 d after infection, 2 to 3 systemic 
leaves that were not inoculated originally but exhibited viral symptoms, were 
collected per plant and frozen at −80 °C until processed. DNA was extracted 
using a standard CTAB (Cetyltrimethylammonium bromide) protocol briefly 
described hereafter. Tissue was ground using one of two methods: tissue was 
placed in plastic tubes using 3.2 mm chrome steel disruption beads (Research 
Products International Corp.) and the tissue was pulverized by running a Mini-
Beadbeater-16 (BioSpec Products, Inc.) for 30 s; or tissue was ground using a 
mortar and pestle that had been cooled with liquid nitrogen. 500 μL of CTAB 
solution (2% CTAB, 100 mM Tris-HCl pH 8, 20 mM EDTA pH 8, 1.5 M NaCl, and 
1% polyvinylpyrrolidone) were added per 100 mg of tissue and incubated at 65 °C 
for 10 min for extraction. An equal volume of chloroform:isopropanol (39:1) was 
added to the CTAB extract, mixed, and centrifuged for 10 min at 3,200×g. The 
aqueous phase was combined with 0.7 volumes of isopropanol to precipitate D
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the nucleic acids. After 10 min, the precipitated nucleic acids were collected by 
centrifugation at 3,200×g for 10 min. The pellet was washed once with 70% 
ethanol, and dried. Finally, the pellet was resuspended in PBS for analysis and 
stored at −80 °C. NIR fluorescence characterization was conducted under blinded 
conditions, ensuring that the virus and mock samples were indistinguishable 
during analysis. The total RNA concentration was normalized to 0.1 mg/mL, and 
2 μL of the nanosensor stock (50 mg/L) was mixed with 98 μL of the purified 
sample, followed by incubation for 48 h before measurement.

Data, Materials, and Software Availability. All study data are included in the 
article and/or SI Appendix.
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