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ABSTRACT: Most traditional optical biosensors operate through
molecular recognition, where ligand binding causes conformational
changes that lead to optical perturbations in the emitting motif.
Optical sensors developed from single-stranded DNA-functionalized
single-walled carbon nanotubes (ssDNA−SWCNTs) have started to
make useful contributions to biological research. However, the
mechanisms underlying their function have remained poorly under-
stood. In this study, we combine experimental and computational
approaches to show that ligand binding alone is not su,cient for
optical modulation in this class of synthetic biosensors. Instead, the
optical response that occurs after ligand binding is highly dependent
on the chemical properties of the ligands, resembling mechanisms
seen in activity-based biosensors. Specifically, we show that in ssDNA−SWCNT catecholamine sensors, the optical response
correlates positively with the electron density on the aryl motif, even among ligands with similar ligand binding a,nities.
Importantly, despite the strong correlations with electrochemical properties, we find that catechol oxidation itself is not
necessary to drive the sensor optical response. We discuss how these findings could serve as a framework for tuning the
performance of existing sensors and guiding the development of new biosensors of this class.
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The photoluminescence properties of single-walled carbon
nanotubes (SWCNTs), which originate from quantum-
confined surface excitons, have been exploited for a variety
of biological applications, including fluorescence imaging,1

single-particle tracking,2−5 and biosensing.1,6,7 These applica-
tions take advantage of the nanotube’s unique photophysical
traits, such as photoluminescence in the near-infrared and
shortwave infrared regions of the spectrum, as well as their
nonblinking and photostable emission. In biosensing, the
excitonic fluorescence of SWCNTs and their distinctive single-
atom-thick geometry are exploited to translate molecular
recognition events into detectable optoelectronic signals. The
optoelectronic properties of SWCNTs, and similar shell-like
nanomaterials, are highly sensitive to physicochemical
perturbations that occur on or near the surface, enabling
detection of local changes with single-molecule sensitivity. This
has been successfully demonstrated in functionalized
SWCNTs.8−10

Biosensing applications of SWCNTs require functionaliza-
tion with moieties that tailor the pristine surface of the
nanomaterials, creating configurations that are ideal for analyte
binding. Among the various strategies for developing SWCNT-

based biosensors, noncovalent functionalization with amphi-
philic biopolymers, particularly oligonucleotides (e.g., single-
stranded DNA (ssDNA)), remains a predominant strat-
egy.1,11−16 This approach enables versatile patterning of the
nanotube surface with chemically rich and structurally diverse
oligonucleotide motifs. This strategy has enabled successful
applications of ssDNA−SWCNT hybrids in diverse fields,
including nanotube-based device manufacturing,17,18 chirality
sorting,19,20 and SWCNT lattice remodeling.21 The conjuga-
tion of ssDNA to the surface of nanotubes through
noncovalent self-assembly sculpts specific analyte binding
pockets that are absent on nonfunctionalized surfaces, enabling
their use in biosensing applications.1,11−16
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Despite several successful applications, a coherent strategy
for developing biosensors from ssDNA−SWCNT bio−nano
hybrids remains elusive. This challenge stems in part from a

lack of understanding of how analyte binding in ssDNA−
nanotube bio−nano conjugates modulates the optical proper-
ties of the nanotubes. The diversity of nanotube surface

Figure 1. Experimental schematic and screening library. (a) Study workflow. (b) Library of the 63 compounds screened; labels are color
coded to match the optical response categories shown in panel (c). (c) Normalized (mean) fluorescence responses (normalized to dopamine
= 1.00) in descending order. Group I analytes have high responses (≥1.00), group II have intermediate responses (0.75−1.00), group III
have low responses (0.15−0.50), and group IV elicit no response (<0.10). See Table S1 for a full list of ΔF and F mean values and standard
deviations. Under the experimental conditions used to measure optical responses, species with primary amine groups (e.g., DA, F, 5, 9, RR,
and O) may exist in their protonated state; however, their positive charge designations are omitted here for clarity.
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topologies that can be engineered with ssDNA sequences is
vast and depends on the oligonucleotide length and sequence
chemistry. Matching this broad chemical space to potential
analytes through screening approaches is an arduous task, and
success with this approach has been limited.11,22,23 However,
recent studies have demonstrated that machine learning
approaches hold promise for predicting new ssDNA sequences
for sensing small molecular analytes.24−26 An alternative
approach is rational design, where a mechanistic understanding
of how ssDNA−SWCNT biosensors function guides sensor
development. Such an understanding could streamline the
development of biosensors by informing the selection or
chemical modification of ssDNA sequences and the design of
nanotube functionalization strategies, ultimately leading to
more e9ective and predictable sensor development and
performance.

To better understand the mechanisms of fluorescence
modulation in ssDNA−SWCNTs, we performed a struc-
ture−activity relationship study on a class of sensors for
catechol (benzene-1,2-diol)-bearing small molecules. Previous
studies have shown that (GT)N−SWCNT (N = 6−15)
conjugates undergo a strong fluorescence turn-on in response
to catecholamines, with reported a=nities in the nanomolar to
single micromolar range.11,27,28 These sensors have enabled
significant advancement in the field of catecholamine biology,
including the study of dopamine (4-(2-aminoethyl)benzene-
1,2-diol), in cell cultures28−30 and tissues.27 Nanotube-based
catecholamine sensors are notable for their robustness,
intensiometric readout, high signal-to-noise ratio, and rapid
and reversible responses�attributes highly valued in biological
applications. We propose that this class of sensors can serve as
a model system from which mechanistic insights benefiting the
broader field may emerge. By focusing on these well-
characterized systems, we aimed to elucidate the fundamental
principles governing the interaction between ssDNA-function-
alized SWCNTs and their analytes, potentially paving the way
for the rational design of new biosensors.

In pursuit of this goal, we combined experimental and
computational approaches to better understand how com-
pounds bearing the catechol motif modulate the fluorescence
of (GT)6−SWCNT conjugates. Experimentally, we observed
that optical modulation in these sensors is strongly influenced
by certain electrochemical properties of catechols. Manipulat-
ing electron densities on the aryl motif of catechols sensitively
alters the fluorescence turn-on response, with higher electron
densities correlating positively with a stronger turn-on
response. Correlational analysis with reduction potentials also
reflected this trend, where electron-rich catechols, which
oxidize more easily, elicited stronger fluorescence turn-on
responses. Notably, however, no oxidative products were
generated during the molecular recognition process, as implied
by the correlation between the optical response and reduction
potential. This suggested that transient perturbative phenom-
ena, rather than permanent charge transfer, are responsible for
the optical modulation observed in these sensors. To
rationalize our experimental observations, we employed
molecular dynamics (MD) simulations. These simulations
provided insights into analyte−sensor interactions, which,
when combined with experimental data, allowed us to identify
key molecular parameters that collectively define a “perturba-
tion cross section” for catechol-bearing ligands. Our work
suggests that ligand binding and analyte electrochemical

properties play a concerted role in modulating optical
responses in ssDNA−SWCNT biosensors.

RESULTS

To investigate optical responses in (GT)6−SWCNT con-
jugates, we generated a library of small molecules, using
dopamine (DA) as our principal compound. The library was
designed with variations in the truncation, extension, and
substitution patterns around the aryl group. The library
included conjugated and unconjugated systems as well as
aryl groups with bulky substituents to assess steric e9ects.
Electron-donating and electron-withdrawing substituents,
along with hydrogen bond donors and acceptors, were installed
at various positions to explore electronic e9ects and binding
interactions (Figure 1). We measured the fluorescence
modulation caused by each analyte in solution-phase experi-
ments by recording the emission intensity before and after the
addition of 10 μM of each analyte and reported the relative
change in intensity from integrated spectra (ΔF/F) (Figure
S1). To enable comparison across replicates, we normalized
the responses to the modulation measured for dopamine under
the same experimental conditions. The screening results
showed that a majority of the screened analytes produced no
optical responses (Figure 1c IV, 53%). The responses
generated by the remaining analytes varied widely and
included optical modulations that are stronger than that
produced by dopamine (Figure 1c I, 15%), comparable to that
of dopamine (Figure 1c II, 6%), and weaker than that of
dopamine (Figure 1c III, 26%).

Closer examination of the screening results reveals a key
requirement to elicit optical response: ortho-hydrogen bond
donors installed on π-conjugated sca9olds. Noncatechols can
be tolerated if they satisfy these two criteria (e.g., RR and O).
Changing the position of the hydrogen bond donors from
ortho (T) to meta (1) leads to the loss of optical response.
Interestingly, compound 4 elicited a response, even though the
hydroxys are closer than the van der Waals radii on ortho-
substituted aryls. This suggests that conjugated systems with
hydrogen bond donors less than ∼3.1 Å31 apart could also be
e9ective sensor substrates. Loss in response also occurs if the
hydrogen bond donors are unconjugated (e.g., BB, G, and H)
or replaced with an acceptor (e.g., FF, 6, GG, P, and Q).
Sterically bulky compounds meeting these criteria were well
tolerated in producing responses (e.g., 4, TT, UU, and W).
This suggests that the binding pocket of interactions is likely to
be shallow or is at least very accessible. In later sections, we
rationalize these experimental observations by using MD
simulations that enable us to visualize how molecular structure
and charge influence analyte−sensor binding.

As expected, most optical modulations were generated by
compounds bearing the catechol motif, whereas other
molecules generated modest or no responses. Interestingly,
the catechol motif was not a guarantee of the presence of a
fluorescence modulation, and even within the catechol family
of molecules, optical responses varied widely (e.g., MM > DA+

> T > U, Figure 1). This suggests that while the previously
described heuristics serve as useful qualitative descriptors, they
fail to fully account for the observed trends in the optical
responses. Additionally, because all optical measurements used
in this study were recorded at 10 μM analyte concentrations,
we explored whether di9erences in ligand binding a=nity
might explain the variability in the optical modulation. To
investigate this, we measured optical responses for a smaller
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subset of analytes over a concentration range spanning 6 orders
of magnitude (10−8−10−2 M). Notably, the trends in optical
responses remained consistent across the concentration range
we examined (Figure S2). This result, along with insights from
MD simulations presented in subsequent sections, strongly
suggests that binding a=nity di9erences are not the primary
driver of the observed variability in the optical response.
Consequently, we turned our attention to other molecular
properties that might provide a more robust quantitative
explanation for the observed variability in the optical
responses.

Toward this goal, we explored the molecular correlates of
optical modulation by assessing if certain physicochemical
parameters of these molecules correlated with optical
responses. To facilitate comparison and minimize contribu-
tions that might arise from significant di9erences in molecular
structure and steric e9ects, we selected a subset of 18
compounds, each bearing a catechol motif with simple
substituents at di9erent positions on the aryl ring (Figure
2a). We then investigated the correlation between 12 di9erent
cheminformatic parameters of these molecules and the optical
modulations generated by each. These properties included the
strength of the dipole moment, polarizability, LogP, and van
der Waals surface area, among others. The analysis
demonstrated a general lack of correlation between the
experimentally measured optical responses and all 12 of the
physicochemical attributes examined (Figures S3 and S4).

The electrochemical properties of catecholamines have
traditionally been exploited for their characterization and
quantification using techniques such as amperometry, cyclic
voltammetry, and liquid chromatography with tandem mass
spectrometry.33−35 Similarly, optical modulations in some
SWCNT-based sensors have been shown to be driven by the
redox activities of their target analytes, with electrochemical
mechanisms posited as the basis for fluorescence modula-
tion.9,36,37 Given our observation of a wide range of optical
responses, even in compounds bearing simple catechol motifs,
we set out to conduct a deeper exploration of whether the
observed optical trends correlated with the electrochemical
properties of the screened molecules. Specifically, we wanted
to know if experimental optical responses correlated with
reduction potentials in our selected subset of catechol
compounds.

The standard reduction potentials of substituted catechols
have previously been determined through kinetic studies of
their one- and two-electron oxidation by tris(1,10-phenanthro-
line) iron(III).32,38 From our screening library of 63
compounds, nine compounds overlapped with a library of 15
analytes for which standard reduction potentials were
experimentally determined by Pelizzetti and Mentasti.32 For
these nine ligands, our analysis unveiled a robust correlation
between the reduction potentials of the substituted catechols
and their corresponding optical responses (Figure 2b).
Specifically, compounds that underwent facile oxidation
elicited more pronounced optical responses than compounds
that were more di=cult to oxidize (Figure 2b). This finding
suggested that electrochemical properties are significant
correlates of optical response, although this observation was
based on a relatively small subset of our library. To validate
and extend these findings, we aimed to explore whether this
observation holds true across a broader range of molecules in
our screening library.

Expanding on the work of Pelizzetti and Mentasti, Yamabe
et al. demonstrated that the reduction potentials of substituted
benzene diols are correlated with the electron-donating or

Figure 2. Molecular correlates of the optical response. (a) Subset
of 18 compounds from the 63 screened, used for comparative
analysis. Positive charge designations on DA, F, and 9 are omitted
for clarity. (b) Normalized fluorescence responses (mean, DA =
1.00) vs reduction potentials from Pelizzetti and Mentasti32 for
nine compounds. Compounds that more readily underwent
oxidation produced larger changes in fluorescence. See Table S2
for ΔF/F values and reduction potentials. The Pearson statistic
was evaluated to assess correlation. (c) Normalized fluorescence
response (mean, DA = 1.00) vs Hammett values for the 18-
compound subset in panel (a), demonstrating that more electron-
donating substituents produced larger changes in fluorescence. See
Table S3 for the ΔF/F and Hammett values. The Pearson statistic
was evaluated to assess correlation. (d) Dopamine ELISA showing
no diGerence in amounts of dopamine between samples exposed to
658 nm light (104.8 mW, 60 min, excited) and those that were
unexposed (not excited). As a control, dopamine was oxidized to
dopaquinone (DQ) with NaIO4 to demonstrate that dopamine
depletion (by oxidation to quinone) can be detected as a loss of
signal by the assay (DA/NaIO4). As another control, dopamine in
0.1 M NaCl without SWCNTs in solution was exposed to laser to
show that little oxidation occurs under these conditions (DA/no
SWCNT). See Figure S5 for assay validation and statistics. (e)
High-performance liquid chromatography (HPLC) analysis of
exposed (658 nm, 104.8 mW, 60 min, excited) and unexposed (not
excited) samples along with controls showing that only dopamine
was detected in both samples with no detection of dopaquinone or
any other oxidized products (blue: H2O; orange: NaIO4; green:
dopaquinone (dopamine oxidized with a substoichiometric
amount of NaIO4); red: dopamine; purple: 10 ppm of SWCNT
+ 200 μM dopamine exposed to 658 nm light for 1 h; yellow: 10
ppm of SWCNT + 200 μM dopamine exposed to no light for 1 h).
Higher concentrations of dopamine were used in HPLC experi-
ments based on the LOD of the instrument. See Figure S6 for
details and instrument exports and Methods for details of the
experiments.
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electron-withdrawing character of the substituents (X) on the
aryl group.32,38 Specifically, they showed that the HOMO of
substituted catechols is composed of two types of interactions
between the molecular orbitals (MOs) of the parent
compound (benzene-1,2-diol, P) and the substituent (X).
The first interaction, known as HOMOP−HOMOX, occurs
between the HOMO of the parent molecule (HOMOP) and
the HOMO of the substituent (HOMOX). The second
interaction involves HOMOP and the lowest unoccupied
molecular orbital (LUMO) of the substituent (LUMOX),
known as the HOMOP−LUMOX interaction. The electron-
donating or electron-withdrawing nature of substituent X
determines which combination of MOs, HOMOP−HOMOX

or HOMOP−LUMOX, predominates in controlling the
HOMO of the substituted compound. Yamabe et al. showed
that for electron-donating groups, HOMOP and HOMOX have
a strong orbital interaction, and the resultant energy splitting
opens a large energy gap that raises the energy level of the
HOMO of the overall molecule, making it relatively easier to
oxidize. In contrast, for electron-withdrawing groups,
HOMOP−HOMOX interactions are insignificant, and
HOMOP−LUMOX interactions are important for setting the
HOMO level of the overall molecule, lowering the HOMO
level of the substituted molecule relative to that of the parent
molecule (i.e., benzene-1,2-diol), thus making the molecule
more di=cult to oxidize. Using this theoretical framework,
Yamabe et al. showed a strong linear correlation between the
experimentally determined reduction potentials of substituted
benzene-1,2-diols and computationally determined HOMO
levels (eHOMO). This correlation highlights that the electron-
donating or electron-withdrawing character of substituents and
computationally obtained eHOMO levels are excellent predictors
of reduction potentials for substituted benzene-1,2-diols. This
study therefore enabled extending the correlation analysis
between optical response and electrochemical properties to a
broader range of the screened analytes, where reduction
potentials had not been experimentally determined but could
be reasonably approximated with substituent inductive
constants or computationally determined eHOMO values.

A key finding from the study by Yamabe et al. is that
electron-donating groups raise the eHOMO values of benzene-
1,2-diols, making them easier to oxidize. Accordingly, we first
extended our correlation analysis between optical modulation
and reduction potentials to the 18-compound subset library
(Figure 2a). Here, we used the Hammett constant of each
substituent as a correlate for the reduction potential. The
analysis unveiled a robust correlation between the exper-
imentally measured optical modulations and the Hammett
values of each substituent. Specifically, electron-donating
substituents produced stronger optical modulations (Figure
2c and Figures S7 and S8a). Moreover, for the same
substituent X, Yamabe et al. demonstrated that the atomic
orbital coe=cients at the para-positions (4 or 5) are larger than
those at the meta-/ortho-positions (3 or 5), leading to more
robust orbital interactions that strongly modulate HOMO
levels. For instance, placement of a hydroxy group at the para-
position of benzene-1,2-diol (C) significantly increases the
electron density in the aryl compared to placement at the
meta-/ortho-position (MM), making the molecule more easily
oxidizable (Figure S7a). Notably, the optical responses we
measured correlated well with such subtle di9erences between
isomers of the same compound (Figure S7a,b) and in

compounds that di9ered in just one functional group (Figure
S7c,d).

Because Yamabe et al.’s framework ultimately implicates
eHOMO values as correlates for reduction potentials, it allowed
us to extend this analysis to molecules in our library lacking a
simple catechol motif or for which Hammett values could not
be found but for which overall HOMO values can be
computed. Consequently, correlations between optical modu-
lations and computationally determined eHOMO levels were
examined for various subsets of the screened analytes. Here,
too, a robust correlation was observed between optical
responses and HOMO levels for the 18-compound sublibrary
(Figure S8b), as well as various other subsets (Figure S9a,b)
and the entire library of compounds (Figure S9c). Importantly,
while correlation between HOMO and optical responses was
evident, high eHOMO levels did not guarantee an optical
response (Figure S9c,d). This suggests that additional factors
are at play beyond electron density alone. Consistent with our
earlier heuristic description, these results show that at least two
vicinal hydrogen-bond-donating groups are necessary for
optical modulation in addition to the observed correlations
with electron densities on the aryl group (Figure S9e). In most
cases, these groups are ortho to each other but they can be
connected through extended conjugation as well (e.g., 4,
Figure S9e).

Next, we investigated whether oxidized catechol products
could be detected when these compounds were exposed to
ssDNA−SWCNT conjugates, as suggested by the correlations
presented in the foregoing analysis. We first used an enzyme-
linked immunosorbent assay (ELISA) that can sensitively
quantify the concentration of dopamine at picomolar
concentrations but is otherwise insensitive to quinones, the
oxidative product of catechols (Figure S5). Oxidation of
dopamine with sodium periodate39 induced rapid depletion of
the starting material, which we verified with the ELISA (Figure
2d). We then quantified the level of oxidation of dopamine in
solutions that had been exposed to ssDNA−SWCNT
conjugates for various durations and excitation laser intensities.
Surprisingly, no oxidation product was detected using this
assay, indicating minimal oxidation of dopamine in the starting
material (Figure 2d). Similarly, high-performance liquid
chromatography (HPLC) detection of quinones showed
depletion of the starting material in periodate controls (Figure
2e, dopaquinone (DQ)) but not in experimental solutions
(Figure 2e, DA/SWCNT/excited and DA/SWCNT/not
excited).

Oxidation of benzene diols proceeds through a one-electron
abstraction to form a semiquinone radical,40 and we reasoned
that if a radical is formed during the process of generating
optical modulations, highly reducing reagents should attenuate
or eliminate these optical responses. Similarly, if electron
transfer reactions occur, then dissolved molecular oxygen could
act as an electron sink or play a role as an intermediate in a
putative electrochemical reaction, generating reactive oxygen
species. We observed no attenuation in optical response in the
presence of reducing reagents and reactive oxygen scavengers,
consistent with the absence of oxidation from ELISA and
HPLC measurements (Figure S10). In summary, our findings
indicate that redox reactions involving dissolved molecular
oxygen or single-electron transfers that generate radicals are
unlikely to be present. Previous studies have similarly shown
that reactive oxygen species are unlikely to be involved during
catecholamine molecular recognition.11 We therefore conclude
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that although optical responses showed a strong correlation
with the electrochemical properties of benzene-1,2-diols, the
evidence indicates that the analytes themselves do not undergo
oxidation during the process of optical modulation of ssDNA−

SWCNT conjugates.
In our experiments, we observed that solution pH, a key

experimental variable, could have a significant and yet
underappreciated impact on the magnitude of the measured
optical modulations. The influence of pH on SWCNT optical
properties is well documented, with a general increase in
brightness noted for most SWCNT solutions as pH
increases.41,42 However, the e9ect of pH on analyte-induced
optical modulation is not well understood. We found that
changing the solution pH by just two units could dramatically
attenuate the optical response for some analytes (Figure 3a).
This e9ect is particularly pronounced for analytes with
substituents whose pKA values allow deprotonation within
this range.

To probe pH e9ects more systematically, we measured the
optical responses of a subset of analytes across a pH range of 2

to 13 (Figure 3b and Figure S11). The (GT)6−SWCNT
suspensions remained stable through this range, except at pH =
13, where sensor instability was evident (Figure S12). At high
pH levels (>8), optical responses diminished significantly for
all analytes. This reduction is partly attributed to an increase in
nanotube fluorescence (i.e., brightness) with a rising pH, which
reduces the dynamic range of the optical response. Specifically,
as baseline fluorescence (F0) increases, the relative change in
fluorescence (ΔF/F0) decreases, e9ectively limiting the
sensor’s response. In this context, pH sets the baseline
brightness (F0), while ligand addition determines the final
brightness (F). However, certain benzene-1,2-diol derivatives
in our screen induced a maximum brightness that exceeded the
fluorescence at a high pH. This indicates that pH-induced
brightness saturation alone does not account for the observed
pH-dependent sensor behavior (Figure 3b and Figure S11).
Indeed, the diminution of ΔF/F as a function of pH varied
significantly among analytes. For example, some analytes, like
F+, exhibited a rapid decline in optical response with increasing
pH (e.g., F, Figure 3b), while others, like dopamine (DA+),

Figure 3. EGect of solution pH on ΔF/F for several compounds. (a) Four example compounds that exhibit diGerent responses at low (pH ∼
6) and high (pH ∼ 8) solution pH; ΔF/F values (mean) were normalized against the response at pH ∼ 6. Positive charge designations on F
and DA are omitted for the sake of clarity. (b) Responses in compounds in panel (a) measured across a range of pH. For analytes where the
fluorescent response was less than the baseline (i.e., F − F0 ≤ 0), higher pH values were not further explored. (c) pKA model of F showing
proportions of microspecies at diGerent pH values. (d) Comparison of F (purple with error bars) and DA (blue with error bars) ΔF (F − F0)
values as a function of pH, juxtaposed against microspecies transition profiles from ammonium to amine (solid lines without error bars in
the same respective colors). Note the pKA values for the ammonium in F+ and DA+ shown as a red numerical text adjacent to the functional
group.
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showed broader pH tolerance (e.g., DA, Figure 3b). Given that
the same ssDNA−SWCNT complex was used for all analytes,
the pH dependencies are unlikely to stem from changes in the
photophysical properties of the ssDNA−SWCNT conjugates.
While intrinsic sensor properties, such as DNA conformational
changes or base protonation/deprotonation, might a9ect
responses at extreme pH levels (e.g., <3 or >11), the
pronounced di9erences observed within the pH range of 5
to 9 are likely driven by analyte-specific e9ects.

Importantly, these pH-dependent trends correlated with the
predicted deprotonation of the analytes based on the pKA

values of their substituents. For example, the pKA of the
charged amine (−NH3

+) in F+ is 4.96, whereas for DA+, it is
9.31, allowing DA+ to maintain a broader pH tolerance before
deprotonation (Figure 3c,d and Figure S13). This suggests that
the deprotonated species interact with ssDNA−SWCNT
conjugates di9erently from their protonated counterparts
(e.g., F vs F+ and DA vs DA+). Consequently, optical
modulations in ssDNA−SWCNT conjugates by benzene-1,2-
diol derivatives reflect a sensitivity to molecular charge in
addition to correlations with electrochemical properties, such
as eHOMO. Taken together, these findings emphasize the critical
role of molecular structure and charge in mediating analyte−

ssDNA−SWCNT interactions and in governing optical
responses in molecules with favorable electrochemical profiles.

Importantly, our observations were consistent across di9erent
(GT)N−SWCNT sensors, including (GT)15−SWCNTs tested
with a subset of compounds (Figure S14a,b,e). The trends also
persisted across SWCNTs enriched for specific chiral (n,m)
species, indicating that our results are conserved across diverse
nanotube species (Figure S14a,c,d,f).

We next employed MD simulations to rationalize our
experimental findings and gain detailed atomic and molecular
insight into molecular interactions in ssDNA−SWCNT
conjugates. We focused on a subset of 14 analytes to study
using MD simulations (Methods). Dopamine (DA+) was
selected as the key model analyte for our computational
studies, which is consistent with our experimental approach.
The remaining analytes spanned the full spectrum of
experimentally observed optical responses. Specifically, the
simulated molecules included analytes F+, C, and O, which
elicited stronger fluorescence responses than DA+, and analytes
T and 1, which showed weaker responses. Analyte Y, which
had a response roughly similar to that of dopamine, was also
included. To explore pH e9ects, we modeled additional
molecules in their dominant protonation states at selected pH
values (Figure S15). These included F+ (at pH = 5), F (at pH
= 7), RR (at pH = 7), RR+ (at pH = 3), YY+ (at pH = 7), O
(at pH = 7), O+ (at pH = 3), 5+ (at pH = 7), and C− (at pH =
11). We determined molecular charge using Chemaxon

Figure 4. Predominant binding modes for 14 selected analytes with the ssDNA−SWCNT conjugate and the SWCNT surface observed in MD
simulations. The SWCNT carbon atoms are shown as white spheres; the (GT)6 ssDNA strands are shown as dark gray ribbons. Analyte
heavy atoms are shown as van der Waals spheres (C: cyan; N: blue; O: red). The hydrogen atoms are not shown for clarity. Snapshot frame
colors correspond to the predominant binding mode observed for the analyte, as defined in the legend. The mixed mode (gray) indicates
that there is no predominant binding mode, but the analyte molecules exhibit a mixture of both stacking and insertion interactions.
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Chemicalize modeling of pKA, matched to the pH conditions
used during experimental measurements.43 Each simulated
system contained six molecules of the selected analyte, which
were allowed to di9use freely and interact with a 4 nm segment
of (9,4)-SWCNT chirality wrapped by three strands of (GT)6
ssDNA oligonucleotides, immersed in 0.10 M aqueous NaCl
solution (Methods). The systems were simulated for 6 μs to
observe multiple binding and unbinding events of analyte
molecules on the ssDNA−SWCNT conjugate surface.

We began by cataloging all of the predominant binding
modes observed when the selected analytes interacted with
ssDNA−SWCNT molecular complexes (Figure 4). Figure 4
shows representative snapshots of the preferred binding modes
for the 14 analytes we modeled. The observed binding modes
fall into two categories: analytes either stacked directly on top
of ssDNA nucleotides functionalizing the SWCNT or stacked
on the exposed segments of the SWCNT surface. Specifically,
molecules C, C−, T, and RR were primarily observed stacking
on the ssDNA nucleotides, while molecules F, DA+, RR+, O,
O+, 5+, 1, and YY+ were stacked on both ssDNA and SWCNT
surfaces. Interestingly, F+ favored a distinct insertion mode
(Video S1) rather than stacking like F (Video S2), although
brief instances of sideway stacking on ssDNA bases were
occasionally observed (Figure 4). Lastly, analyte Y did not
exhibit a single predominant binding mode but rather
interacted with ssDNA−SWCNT through a combination of
binding modes.

It is noteworthy that π-stacking emerged as a prominent
binding mode for the ligands studied, largely because a central
feature of their molecular structure is an aryl group, which
tended to stack on ssDNA bases and the graphitic lattice of
SWCNTs. These observations are consistent with our previous
computational findings, which demonstrated that dopamine
readily stacks on SWCNT and ssDNA−SWCNT surfaces.12 In
this study, we further observed that the identity and
positioning of functional groups around the central aryl
motif influenced the preferred binding modes of the analytes.
This e9ect likely stems from the tendency of polar functional
groups to engage in directional interactions, shaping the overall
orientations of the analytes on nanotube surfaces.

To further investigate how molecular structure dictates
analyte binding modes, we focused on two analytes: T
(catechol, ortho-hydroxy groups) and 1 (resorcinol, meta-
hydroxy groups). Experimentally, we found that 1 elicits no
optical response, whereas T elicits a modest optical response
that is smaller than that of DA+ (−0.056 ± 0.025 vs 0.208 ±

0.032 normalized ΔF/F, mean ± SD). Visual inspection of the
MD trajectories showed distinct binding preferences: T
predominantly stacked on ssDNA, and 1 exhibited an a=nity
for both DNA and the SWCNT (Figure 4). To better
understand the source of these binding di9erences, we
examined the interactions of T and 1 with the sugar−
phosphate backbone of ssDNA by calculating the radial
distribution functions (g(r)) for analyte hydroxy groups
relative to polar atoms on the ssDNA backbone (O3′, O4′,

Figure 5. Correlation analysis between MD simulation-derived parameters and experimentally measured optical sensor responses (ΔF/F) for
the (9,4)-SWCNT peak extracted from the full HiPco spectrum. (a) Scatter plot of the average stacking distance of analytes and their ΔF/F
values (mean). The scheme on the right defines the instantaneous stacking distance for the analytes as the shortest distance between the
center of mass (COM) of the analyte’s aryl motif and the nanotube surface. The reported distances are averaged only over frames in which
the analyte is stacking on the surface within 10 Å and averaged over the six analyte molecules. (b) Scatter plots of the percent of time that
analytes are bound to either the ssDNA−SWCNT conjugate (left) or the nanotube surface (right) and ΔF/F values corresponding to these
analytes. (c) Scatter plot of the residence times of analytes when bound to either the ssDNA−SWCNT conjugate (left) or the nanotube
surface (right) and ΔF/F values corresponding to these analytes. In all the plots, scatter points for positively charged, neutral, and negatively
charged analytes are shown in blue, red, and green, respectively. The linear regression corresponding to the best fit is shown as a gray dotted
line in every plot. The R2 coe,cients, Pearson correlation coe,cients (ρP), and p values (p) are reported in each plot.
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O5′, P, O1P, and O2P, Figure S16). These g(r) analyses
indicated that hydroxy groups of both T and 1 interacted
similarly with ssDNA phosphate groups (Figure S16d,g,h).
However, the hydroxy groups of 1 showed a higher probability
of proximity to (and interaction with) the O3′ and O4′ atoms
of ssDNA than those of T (Figure S16e,f). All other hydrogen
bond interactions in the g(r) plots were similar for T and 1.
Additional quantitative analyses revealed that 1 has a higher
average contact area with the SWCNT surface than T (Figure
S16b) and forms hydrogen-bonding interactions more
frequently (Figure S16c), and distance measurements showed
that the aryl ring center of mass of 1 is approximately 0.3 Å
closer to the SWCNT surface than that of T, a finding
consistently reproduced across separate 6 μs MD simulations
(Figure 5a). The foregoing analysis shows that subtle
di9erences in molecular structure can substantially impact
ligand−sensor interactions. Interestingly, although 1 displays
modestly better binding interactions with the sensor complex,
it fails to produce a better optical response, suggesting that
analyte binding alone is insu=cient to induce optical
perturbations in ssDNA−nanotube biosensors�a key insight
in this study.

Analytes with positively charged amine groups (e.g., F+,
DA+, YY+, RR+, O+, and 5+) interacted with the phosphate
backbone of ssDNA through Coulombic attraction (Videos S1
and S3 and Figures S17 and S18). Among these, dopamine
(DA+) demonstrated the strongest binding propensity,
primarily driven by directional interactions between the
positively charged amine groups and the negatively charged
ssDNA phosphate backbone. To investigate the role of these
interactions in analyte binding, we analyzed the simulation
results for DA+ and F+. Both molecules contain positively
charged amine groups, yet their binding behaviors di9ered
significantly: DA+ exhibited stable π-stacking on the nanotube
surface (Video S3 and Figure S17b), while F+ adopted a
distinct insertion mode that is not commonly observed in
other analytes (Video S1 and Figure S17a). To uncover the
basis for these di9erences, we examined trajectory frames
where DA+ or F+ engaged in stacking or insertion modes,
calculating radial distribution functions to assess the
probability of interaction between amine groups and ssDNA
phosphate ion (−PO4

−) groups. Our analysis revealed that
amine groups in DA+ predominantly interact with ssDNA
phosphate groups during π-stacking on the SWCNT (Figure
S18b). In contrast, F+ displayed such interactions only during
insertion into the DNA corona (Figure S18a). This divergence
stems from structural di9erences: the amine group in DA+ is
tethered to the aryl motif via a flexible alkyl chain, whereas in
F+, it is rigid and directly bonded to the aryl ring. These
findings again highlight the critical role that electrostatic
interactions and molecular structure play in determining the
binding modes of analytes within the sensor complex. These
modelings suggest that in positively charged analytes, pH-
dependent protonation of amine groups is expected to
modulate binding behavior. For instance, the amine group in
F+ has a pKA of 4.96, while in DA+, it is 9.31 (Figure 3). This
disparity explains the sharp pH sensitivity observed in the
optical response of F+ but not that of DA+. When F+ loses its
positive charge under elevated pH conditions, its binding
a=nity to the sensor is dramatically reduced (Video S2).
Collectively, these results highlight the interplay among analyte
structure, charge state, and environmental factors in governing
sensor−analyte interactions.

The neutral molecules (F, T, Y, 1, RR, C, and O) and the
negatively charged molecule (C−) exhibit a transient binding
behavior, and we did not identify a predominant binding
interaction that governs their binding behavior. A comparison
of the binding of DA+ and T to the SWCNT surface over time
is shown in Figure S17k and highlights the notable di9erence
in binding stability between charged and neutral analytes.
Despite the transient nature of the interactions for neutral
molecules, hydrogen bonds between the hydroxy or amine
functional groups and the oxygen atoms of the ssDNA sugar−
phosphate backbone or the nitrogen atoms of the ssDNA bases
are frequently observed (Figure S16 for T and 1 and Figure
S17c for C). In summary, based on a visual inspection and
quantitative analysis of the simulation trajectories, we show
that the functional groups present in all ligands dictate their
binding mode to the sensor complex.

From the extended MD simulations, we aimed to extract
quantitative parameters that could be correlated with
experimentally measured optical responses, thereby establish-
ing a nexus between the experiment and simulation that could
o9er mechanistic insight. Several parameters were derived from
the MD simulations for this purpose, including (1) the average
distance of each analyte’s aryl ring from the SWCNT surface
(Figure 5a), (2) the percentage of time that each analyte spent
binding to the ssDNA−SWCNT conjugate or directly to
SWCNT surface during the simulation period, and (3) the
residence times of each analyte’s interaction with either the
SWCNT surface or the entire ssDNA−SWCNT conjugate.
Our goal was to determine which of these simulation
parameters, in combination with the experimental correlates
we identified, could collectively define a “perturbation cross
section” for each analyte, defined as the ability of each analyte
to perturb the local chemical environment of the nanotube and
elicit an optical response.

We first examined the correlation between stacking distance
and experimentally measured ΔF/F values, hypothesizing that
the binding proximity to the nanotube surface would be
positively correlated with optical perturbations. However, our
analysis showed a weak and statistically insignificant negative
correlation between the stacking distance and ΔF/F (Pearson
correlation coe=cient, r = −0.18, Figure 5a). Despite the lack
of correlation, a grouped analysis between the positively
charged molecules (F+, DA+, YY+, RR+, 5+, and O+) and the
neutral analytes (F, C, Y, T, 1, RR, and O) showed that the
positively charged molecules bind significantly closer to the
SWCNT surface (p value = 0.02 from an unpaired t test). This
finding shows that the proximity of ligand binding to the
nanotube surface is not su=ciently predictive of optical
response�an important insight from this study.

Further analysis revealed a weak positive correlation
between the total percentage of time that analytes were
bound to the ssDNA−SWCNT conjugate during 6 μs
simulation trajectories and ΔF/F values (Pearson correlation
coe=cient, r = 0.47, Figure 5b). While not statistically
significant, this result may suggest that increased binding
duration enhances analyte−sensor interactions, leading to
more persistent perturbations in the nanotube environment.
Notably, a stronger and statistically significant positive
correlation (Pearson correlation coe=cient, r = 0.65, p =
0.01) was observed between the percentage of time that
analytes remained bound to the SWCNT surface and ΔF and F
values (Figure 5b). Positively charged analytes displayed
significantly longer binding durations with the SWCNT
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surface than neutral or negatively charged molecules (p =
0.002 from an unpaired t test), again likely due to favorable

interactions between charged amine groups and the ssDNA
phosphate backbone.

Figure 6. Probability distribution of analyte polar group distances from nanotube surfaces. (a) Distance was defined as the shortest distance
between the COM of each analyte’s polar group and the nanotube surface, shown schematically in the top left panel. The distributions
consider all six simulated molecules of the analyte and only those frames where the distances are within 10.0 Å. Traces representing amine/
ammonium groups are colored blue, and the lines representing hydroxy groups are shown in shades of red. The dotted line at 4.0 Å marks a
threshold distance indicating a direct close interaction between the polar group and the nanotube. (b, c) Scatter plots of the areas under the
curve within 4 Å of the distance distribution plots shown in panel (a) and their ΔF/F values (mean, for (9,4)-SWCNT extracted from the full
HiPco spectrum) for neutral/negatively charged hydroxy/alkoxide functional groups (red points) and the neutral/positively charged amine/
ammonium functional groups (blue). The areas under the curve represent a sum when multiple −OH groups are present in the molecule and
when they are both present near the SWCNT surface.
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To further explore ligand binding dynamics, we analyzed
binding residence times�defined as the average duration for
which an analyte remains bound in a given pose�to
distinguish between stable binding interactions and transient,
frequent binding events. Correlation analysis between
residence times at the ssDNA−SWCNT conjugate and ΔF/F
values showed a negligible relationship (Pearson correlation
coe=cient, r = 0.06, with a nonsignificant p value) (Figure 5c).
A modestly stronger but still statistically insignificant positive
correlation was observed for residence times at the SWCNT
surface (Pearson correlation coe=cients, r = 0.44, Figure 5c,
right panel). Among the positively charged analytes, F+, DA+,
and RR+ exhibited a significantly longer residence time than
the neutral molecules (F, C, Y, T, 1, RR, and O) (p value =
0.001, on an unpaired t test). Interestingly, YY+, 5+, and O+

had residence times similar to those of neutral molecules,
suggesting that the molecules preferentially associated with the
ssDNA−SWCNT conjugate rather than the SWCNT surface
for majority of the simulation. However, unlike F+, DA+

, and
RR+, their binding interactions were less stable, which was
reflected in shorter residence times (Figure 5c). It is notable
that DA+ and F+ both have two hydroxy groups on adjacent
carbons of their aryl rings, whereas YY+ lacks any substituents,
and 5+ and O+ each contain a single hydroxy group. These
structural di9erences between analytes and their correlated
di9erences in residence times on the SWCNT surface indicate
that hydroxy groups play an important role in stabilizing
analytes’ binding dynamics to the sensor complex (Figure
S17d−j). Indeed, as noted in our analysis of the binding
dynamics of T and 1, hydroxy side groups participate in
hydrogen bonding with polar atoms of ssDNA (Figure S16),
which, working in concert with Coulombic interactions
between the analyte and ssDNA, contributes to the overall
ligand π-stacking stability (Figure S17d−k).

Considering the important role that polar functional groups
play in influencing the nanotube’s immediate chemical
environment, we assessed the proximity of polar functional
groups to the nanotube surface. Previous studies have
demonstrated that the dielectric constant of the nanotube’s
environment significantly impacts SWCNT photophysics. For
example, Silvera-Batista et al. showed that increasing the
dielectric constant of the SWCNT environment from 2 to 5 by
changing solvents could reduce the photoluminescence
intensity by more than 50%.44 This suggests that the polar
substituent’s proximity to the SWCNT surface may be an
important MD correlate to investigate.

To build on these findings, we measured the distances
between the center of mass (COM) of each analyte’s polar
functional groups and the nanotube surface in all MD
simulations, focusing on trajectory frames in which the groups
were found within 10.0 Å of the nanotube surface. The
observed distances were then used to generate distributions of
the distances between the analyte polar groups and SWCNT
surfaces (Figure 6). For instance, molecule F+ has two polar
functional groups: a hydroxy and a charged amine group. An
examination of its distribution shows that hydroxy groups have
a high probability of being within 3.0−4.0 Å of the SWCNT
surface, whereas the amine has a peak at ∼5.2 Å away from the
nanotube surface. In contrast, neutral molecule F showed
similar distance distributions for its hydroxy groups, but the
amine group was closer to the nanotube surface, with a
maximum at 3.5 Å. These data are consistent with the analyte
binding modes discussed earlier, where F+ molecules exhibit an

insertion mode of binding, with the charged amine group
projecting away from the nanotube surface. On the other hand,
F molecules tended to stack on the ssDNA corona or the
nanotube surface, with both the hydroxy and amine groups at
similar distances from the surface. DA+ molecules were
observed to lie flat on the nanotube surface, but the charged
amine group, located two carbon centers away from the aryl
ring, projected upward and away from the nanotube surface,
interacting with the negatively charged ssDNA. This binding
observation is consistent with the polar group distribution
profiles (Figure 6). Importantly, experimental data alone could
not fully explain why F elicits little optical response, whereas
F+ produces a robust response. F satisfied most of the
heuristics we initially observed in responsive analytes: it
features a conjugated aryl motif, ortho-hydroxy groups, and a
strongly electron-donating substituent (−NH2) in conjugation
with the aryl motif, rendering the molecule electron rich. Based
on these characteristics, F would have been expected to elicit a
response, yet it did not (Figure 3a). These simulation results
now provide critical insights into this discrepancy, revealing
that F interacts poorly with the sensor complex (Figure 6a).
Specifically, contact between the SWCNT surface and the
hydroxy substituents of F is significantly reduced compared to
that of F+ (Figure 6a,b). Conversely, contact between amino
groups and the nanotube surface was less significantly
correlated with the optical response, showing that amine/
ammonium groups primarily engage DNA phosphate groups
(Figure 6c).

RR+ has two polar groups: an amine and an ammonium. The
neutral amine shows a moderate probability of being near the
nanotube surface (maximum of 3.4 Å) and a higher probability
of being farther away (maximum of 6.4 Å). In contrast, the
charged amine has one large peak at 5.4 Å. For molecule RR
with two neutral amine groups, the distribution is similar for
both, with a maximum at 6.4 Å. For O+, the charged amine is
closer to the nanotube (maximum at 5.4 Å) than the neutral
hydroxy group (maximum at 6.6 Å). In the neutral molecule O,
the two polar groups have a similar distribution. For C and C−,
deprotonation of one of the ortho-hydroxy groups in C results
in a drastic rearrangement in distribution, with all polar groups
in C− more than 6.0 Å away from the nanotube surface,
suggesting a repulsive and unfavorable interaction. Molecules
Y, T, and 1 all exhibit a similar distribution pattern, with
moderate probabilities at ∼3.5 Å from the nanotube surface
and much higher probabilities farther away (∼6.5 Å).
Comparing the profiles of DA+ and Y and F and F+ further
underscores how Coulombic interactions stabilize π-stacking
and draw polar functional groups closer to the nanotube
surface. Between the isomers T and 1, the hydroxy groups in 1
have a slightly higher probability of being closer to the
nanotube surface than those in T. For YY+ molecules, the
positively charged amine group is situated two carbon centers
from the indolamine. Consequently, stacking on the nanotube
surface leads to the polar group being projected away from the
nanotube surface, similar to the behavior of DA+ molecules. A
similar observation is noted for the charged amine in
compound 5+. These findings further solidify how various
binding forces and molecular structure work in tandem to
govern how ligands interact with the nanotube surface.

DISCUSSION

Optical biosensors facilitate advances in various disciplines of
biological research by enabling the exploration of questions
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that are di=cult to address with other methods. While many
optical biosensors are based on genetically engineered proteins,
synthetic optical sensors have also made important contribu-
tions. Among these synthetic biosensors, SWCNTs possess
useful photophysical attributes that make them particularly
well suited for applications in biology.1 Consequently,
SWCNT-based biosensors have been developed for a wide
range of bioanalytes, including reactive oxygen species,10,45

small biomolecules and lipids,11,13,16,46 neuropeptides,14

proteins,47−49 disease biomarkers,50,51 and even bacteria and
viruses.52,53

Despite the growing list of analytes for which SWCNT-
based sensors have been developed, the mechanisms behind
their molecular recognition and optical modulation are poorly
understood. In this work, we studied (GT)6−SWCNT bio−
nano hybrids, which exhibit vigorous fluorescence modulation
when exposed to catecholamines, a family of biologically
important small molecules. Our goal was to enhance the
understanding of sensor optical modulation by systematically
exploring the relationship between ligand properties and
optical responses. We complemented our experimental
findings with MD simulations to rationalize our observations
and gain valuable insights that lead to a mechanistic
understanding of sensor function.

Our experiments demonstrated that the electron densities of
the aryl rings in catechols positively correlated with the
amplitude of their optical response. Electron-deficient
catechols elicited lower optical responses compared to
electron-rich ones (Figure 2 and Figure S7). Given the strong
correlation between catechol electron densities and their
reduction potential, we investigated whether the oxidation of
catechols and subsequent electron transfer to nanotubes might
underlie the observed optical modulation. However, we found
that catechols do not undergo oxidation upon exposure to
excited ssDNA−SWCNT conjugates. Previous studies have
shown that some small-molecule reducing agents increase the
brightness of nanotube suspensions.54,55 However, whether
redox reactions occur between these analytes and the ssDNA−
SWCNT complex has remained unclear. Our finding using
catechol-bearing substrates suggests that the optical sensitivity
of ssDNA−SWCNT conjugates to redox-active small mole-
cules is likely driven by a transient perturbative process rather
than being caused by electron transfers that characterize true
redox reactions. Moreover, through a systematic exploration of
derivatized catechols and related compounds, we defined
molecular structure and charge characteristics that play key
roles in ligand−sensor interactions and identified amino-
catechols and phenylenediamines as substrates that can elicit
robust optical responses from ssDNA−SWCNT conjugates,
thereby expanding the substrate scope detectable by (GT)N−
SWCNT bio−nano conjugates. While these may lead to new
sensor applications for analytes that contain these motifs, they
also highlight potentially cross-reactive compounds that may
interfere with sensor applications, especially in chemically
diverse biological applications.

Optical biosensors fall into two major groups: those based
on molecular recognition and those based on chemical
reactivity, known as activity-based sensing.56 While traditional
optical biosensors typically rely on a lock-and-key-type
molecular recognition process, activity-based sensors detect
molecular reactivity between the sensor and the analyte.56,57

Regarding ssDNA−SWCNT catecholamine sensors, our data
indicated a strong correlation between catechol redox activity

and optical response, suggesting an activity-based model may
be a fit. However, the absence of detectable oxidized catechol
products was not fully consistent with this model. Moreover,
we observed that the optical response of certain catechols was
highly sensitive to solution pH, indicating that the protonation
state (charge) of the various substituents on the aryl group
plays a key role in the molecular recognition and optical
modulation process.

To gain a better understanding and develop an integrated
model of sensor function, we employed MD simulations. Our
goal was to first characterize stable binding modes between a
carefully selected group of analytes and ssDNA−SWCNT
conjugates. We then sought to identify the analyte−sensor
interaction parameters that correlate with experimentally
measured optical responses. From binding interactions, we
identified two primary modes of association between analytes
and ssDNA−SWCNT conjugates: stacking on ssDNA bases
and stacking on nanotube surfaces. In both cases, we found
that the molecular charge and the polarity of substituents
strongly influenced the stacking stability of the molecules. This
explained the sensor’s pH dependence that we observed
experimentally. Specifically, positively charged substituents
(ammonium groups) strongly interact with ssDNA phosphate
groups, a9ecting both the stability of binding and binding
residence times. Moreover, transient hydrogen bonds between
analytes and the sensor complex have emerged as a key
stabilizing force in ligand−sensor interactions.

Notably, some analytes with positively charged amine
groups could exhibit relatively stable binding through
interactions with ssDNA phosphate groups but elicited small
(e.g., 5+) or no (e.g., YY+) optical response. Conversely, some
analytes without charged amine groups (e.g., C) were able to
generate a strong optical response. This indicated that the
perturbation cross section of an analyte is not a simple function
of its ability to bind to ssDNA−SWCNT conjugates through
electrostatic and hydrogen bond interactions. Instead, the
characteristics of substituents on the aryl group play an
important role, consistent with experimental observation that
substituents significantly influence optical response. Further
analysis revealed that the proximity of polar substituents to
nanotube surfaces correlated positively with the optical
response. This indicates that molecules that have a high
perturbation cross section (e.g., DA+ and F+) not only stably
bind ssDNA−SWCNT conjugates but also exhibit a higher
density of polar substituents close to the nanotube surface
(Figure 6).

CONCLUSIONS

In summary, analytes with a high perturbation cross section
that strongly modulates SWCNT optical responses exhibit
distinct structural and electronic features. These include vicinal
hydrogen bond donors positioned on a π-conjugated sca9old.
Electron-donating substituents, particularly in para-positions,
enhance responses by increasing electron density and raising
HOMO energy levels. Sterically bulky analytes are well
tolerated, indicating an accessible binding pocket, while
nonconjugated systems or hydrogen bond acceptors weaken
responses. Although optical responses strongly correlate with
the reduction potential and electrochemical properties, the
analytes themselves are not oxidized during modulation. These
attributes highlight the importance of hydrogen bonding,
conjugation, and electronic properties in enabling e9ective
SWCNT optical modulation. To synthesize all experimental
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observations into a mechanistic insight, we used MD
simulations. These simulations revealed that stable ligand
binding, which primarily relies on Coulombic interactions,
hydrogen bonding, and π-stacking, is necessary but not
su=cient to elicit a response. The e9ectiveness of a ligand in
eliciting an optical response depends on its substituent’s
electronic properties and proximity to the nanotube surface in
its bound state. This interplay of binding and electronic e9ects
underpins the unique optical modulation mechanism of
ssDNA−SWCNT sensors.

Several explanations could account for the observed
dependence of the sensor response on the electron-donating
or electron-withdrawing character of the substituents. One
possibility is that electron-donating substituents enhance the π-
stacking stability of the aryl ring on the nanotube surface,
consistent with well-known substituent e9ects on π-interaction
between aromatic rings.58 This stable stacking may more
e=ciently displace water molecules from the nanotube surface,
transiently reducing the surface dielectric constant and thereby
increasing the optical output. This hypothesis is supported by
previous findings, where we showed that dopamine binding
outcompetes sodium cholate binding to nanotube surfaces in
ssDNA−SWCNT conjugates.12 Another potential explanation
is that stably bound and electron-rich aryl motifs could
coordinate with deleterious surface defects on SWCNTs,
locally and transiently altering the nanotube bandgap, which
could increase optical output. Alternatively, electron-rich
substituents themselves, instead of the π-stacked aryl groups,
may be responsible for displacing water or transiently
mitigating the e9ect of surface defects, thus enhancing the
nanotubes’ brightness. These potential mechanisms highlight
the complexity of interaction between analytes and ssDNA-
conjugated nanotubes, suggesting that multiple factors may
contribute to the sensor response. In conclusion, our findings
indicate that optical responses in ssDNA−SWCNT conjugates
depend on both molecular binding events, similar to traditional
optical sensors, and the chemical properties (structure, charge,
and electron density) of the analyte, similar to activity-based
sensing models.

These findings suggest promising avenues to enhance the
performance of existing sensors and guide the development of
new sensors. Two key opportunities emerged from our results.
First, in sensor development, much of the e9ort typically
focuses on identifying molecular recognition motifs for the
target analyte with the assumption that binding of the ligand to
these motifs is expected to drive the optical signal in the
conjugated emitter. While this strategy has proven e9ective for
the development of genetically encoded probes, it has been less
successful in the design of SWCNT-based probes. Our study
reveals that ligand binding is only part of the equation in
designing SWCNT-based optical probes. This motivates the
possibility of incorporating electrochemically active motifs into
sensor design to complement the perturbative e9ect of ligand
binding. Specifically, our findings highlight the unique e=cacy
of catechol-like, electron-rich ligands to elicit a nanotube
optical response. This suggests that incorporating them as
linkers between an analyte sensing motif and the nanotube may
serve as a universal strategy to amplify optical modulation
upon ligand binding. This approach draws inspiration from
linker optimization strategies commonly used in genetically
encoded biosensors, o9ering a framework to exploit catechol-
like motifs as general linkers in nanotube-based biosensors.
Second, catechol-bearing motifs can be covalently attached to

analytes for which a biosensor is sought, enabling the
adaptation of ssDNA−SWCNT catechol sensors as versatile
generic sensors for a broader class of molecules. This
adaptability expands the range of detectable substrates,
broadening the application scope of this class of sensors with
minimal adjustments.

METHODS

Experimental Materials and Methods. (GT)6−SWCNT Sensor
Preparation. All measurements reported throughout this study used
HiPco SWCNTs except where noted in the chiral-enriched
experiments (Figure S14). HiPco raw SWCNTs (NanoIntegris)
were hydrated with H2O (Milli-Q, 18.2 Ω, 1 g/50 mL) and stored
sealed at room temperature until use. Desalted (GT)6 ssDNA (IDT)
was dissolved in 0.1 M NaCl (1 mg/60 μL) and frozen at −20 °C
until use. Hydrated SWCNTs (4−5 mg) were combined with (GT)6
(1 mg) and 0.1 M NaCl (1 mL/mg ssDNA) in a 12 × 75 × 1 mm
glass culture tube and bath sonicated (Branson 1800) for 20 min on
high at room temperature. Contents were then transferred to a
microwave tube (Biotage conical 0.5−2.0 mL, Part No. 352016) and
probe sonicated (Sonics Vibracell VCX 230, 3 mm probe, 50%
amplitude, centered and tip at 15 mm from the bottom of tube) for 15
min in an ice bath. Afterward, the contents were transferred to a 1.5
mL microcentrifuge tube and centrifuged in a fixed-angle rotor at
20,000 rcf, for 1 h, at 4 °C. The supernatant was transferred to a new
1.5 mL centrifuge tube, and the pellet was discarded. The suspension
was then recentrifuged for an additional hour at 20,000 rcf, 4 °C, on
the same rotor. The supernatant was then removed, and the second
pellet was discarded. To account for possible di9erences in
preparation, multiple 1 mL preparations were prepared and combined
to create one bulk solution (10 preparations total). An aliquot of this
bulk supernatant was diluted (10×), and the absorbance measured at
632 nm (NanoDrop One C) was used to estimate stock
concentrations. The bulk supernatant solution was diluted to 100
ppm with 0.1 M NaCl and stored at 2−8 °C until use.

Analyte Stock Preparation. All analytes were made from
commercially available vendors and used without further purification.
See Table S4 for a list of the compounds, sources, and calculated
values. All analytes were freshly made into 10 mM stocks in dimethyl
sulfoxide (DMSO, spectrophotometric grade), aliquoted into argon-
filled amber 1.5 mL tubes, topped with argon again, and frozen at −20
°C for up to 3 months. For use in assay, samples were thawed and
diluted to 1 mM working concentrations with DMSO, which were
then added to respective wells of a 96-well plate for a final 10 μM
concentration of the analyte in a 99% 0.1 M NaCl:1% DMSO matrix.
Final concentrations are nominal, and we did not account for
potential di9erences in analyte solubility.

pH Measurements. All pH measurements were taken with an
Orion Star A111 pH meter by using an Orion PerpHecT ROSS
combination pH microelectrode capable of measurements in a 96-well
plate. All measurements were taken after the probe had been freshly
calibrated using 4.01, 7.00, and 10.01 standards. pH measurements
were taken of pH-adjusted 10 ppm (GT)6−SWCNT prior to
aliquoting into plate wells. This measurement had to remain
unchanged (±0.05 pH units) for 1 h to ensure that equilibrium had
been reached prior to aliquoting. After substrates were added and all
measurements taken, the pH of individual wells was then measured.
The average values of the three wells used for each analyte were used
as the average pH and response for the respective compound. The
measurements were typically taken between 65 and 90 min after the
analyte had been initially added to the 10 ppm solution.

Plate Reader Solution-Phase Fluorescence Measurements. All
readings were taken on a custom-built near-infrared 96-well plate
reader. All readings were taken with 10 ppm (GT)6−SWCNT in 0.1
M NaCl (198 μL), n = 3, the readings taken with a 658 nm laser, 52.4
mW, 1000 ms exposure, 3 averages per read. Additives were added
from DMSO stock (2 μL of 1 mM) unless otherwise noted. A well
containing 0.1 M NaCl (198 μL) and DMSO (2 μL) were used for
blank subtraction. Baseline measurements were taken approximately
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15 min after the 10 ppm solution was aliquoted (F0). Analytes were
then added to all wells, and measurements (F) were taken at 4, 8, 15,
30, 45, and 60 min. This study used the 30 min read values as F, and
the same trends were seen at other time points. ΔF/F values were
computed as (F − F0)/F0 from integrated spectra. In MD simulations,
the (9,4)-SWCNT species was modeled. Therefore, ΔF/F values were
recomputed for the (9,4) peak and were used in the results of Figure 5
and related Supporting Information (SI) figures. Each 96-well plate
contained dopamine (DA) for normalization, pyrogallol (MM) as a
positive control, and octopamine (OO) as a negative control.

SWCNT pH Stability Measurements. All pH measurements were
taken with an A111 pH meter using an Orion PerpHecT ROSS
combination pH microelectrode. All measurements were taken after
the probe had been freshly calibrated using 4.01, 7.00, and 10.01
standards. pH measurements were taken of 1 mL aliquots of pH-
adjusted 10 ppm (GT)6−SWCNT in 0.1 M NaCl after adjustment
with HCl or NaOH. This measurement had to remain unchanged
(±0.05 pH units) for 1 h to ensure that equilibrium had been reached.
Afterward, the samples were incubated at room temperature at their
respective pH for 1 h, followed by centrifugation at 20,000 rcf, 60
min, 16 °C. The supernatant optical density was then remeasured
using absorbance at 632 nm (NanoDrop One C) to calculate
concentrations. pH was then remeasured to ensure that no drift had
occurred.

ELISA. The dopamine ELISA kit (ImmuSmol SAS, Bordeaux,
France) was run experimentally and processed in accordance with the
manufacturer’s guidelines and standard operating procedure. For
sample preparation, a 96-well plate was prepared with wells containing
198 μL of 10 ppm (GT)6−SWCNT in 0.1 M NaCl that were spiked
with DA (10 μM final concentration) or DQ (10 μM final
concentration) as a substrate in DMSO (2 μL of 1 mM) and 198
μL of 0.1 M NaCl containing DA (10 μM final concentration) as a
substrate in DMSO (2 μL of 1 mM). For each respective substrate
run, one well was exposed to 104.8 mW of 658 nm laser for 1 h and
the other was exposed no laser, with mixing via pipet aspiration every
15 min. After 1 h, the contents of each well were filtered through a
100 kDa molecular weight cuto9 (MWCO) centrifuge cartridge to
remove SWCNTs, and the filtrate was collected. 28.2 μL of the filtrate
was combined with 235 μL of ethylenediaminetetraacetic acid
(EDTA, 10 mM), 235 μL of sodium metabisulfite (40 mM), and
1851.8 μL of water, before being frozen at −80 °C. Dilution was
necessary for the sample to fit within the kit’s dynamic range, and
EDTA and sodium metabisulfite were added to prevent dopamine
degradation as per the manufacturer’s protocol. Samples were then
thawed to room temperature and run in a quantitative DA ELISA kit
following the manufacturer’s protocol. Standards and samples were
run as n = 3 and quality control (QC) samples as n = 2. The ELISA
plates were read using a Tecan Spark microplate reader at 450 nm
with a 625 nm reference. Data were then processed using Graphpad
Prism 10. Standards were treated with four-parameter logistic
regression as per the manufacturer’s protocol, and the QC, exposed,
and unexposed samples were interpolated from this curve.

pKA Modeling. pKA modeling and chemoinformatic values were
generated using the Chemicalize software from Chemaxon. Values
were computed between March 2023 and April 2024.43

HPLC. Aqueous solutions of DA (40 mM) and NaIO4 (35 mM)
were prepared. A 500 μL aliquot of the DA solution was combined
with a 500 μL aliquot of NaIO4, and the solution was vortexed and
kept at room temperature for 10 min before being taken for HPLC
analysis. A 500 μL aliquot of DA (40 mM) was diluted with 500 μL of
H2O to produce a 20 mM solution of DA. Two wells on opposite
sides of a 96-well plate (e.g., C2 and C11) were loaded with 10 ppm
of (GT)6−SWCNT in H2O (198 μL) and 2 μL of the 20 mM DA
solution was added to each. One well was exposed to a 658 nm laser
(104.8 mW), and one was not. The wells were agitated with a pipet
every 15 min for 1 h total. Afterward, the contents of the wells were
filtered through 100 kDa MWCO centrifuge filters (15,000 rcf, 4 °C,
2 min, fixed-angle rotor) to remove the SWCNTs and the filtrate was
taken for analysis by HPLC. Please refer to the SI for HPLC runs and
conditions.

Computational Materials and Methods. Atomistic Models of
(GT)6−(9,4)-SWCNT Systems with Analyte Molecules. The initial
configuration of a (9,4)-SWCNT wrapped with three (GT)6 chains
was taken from previously reported results.12 The small molecules
were built with the GaussView software.59 All of the (GT)6−SWCNT
systems, each prepared with six analyte molecules, were solvated and
neutralized in 0.1 M NaCl aqueous solution with the TIP3P water
model, using the solvate and ionize VMD plug-ins, respectively. The
total number of atoms in each of these systems is listed in Table S5.

Classical MD Simulations. Atomistic simulations were performed
with each of the prepared systems to gain insight into the molecular-
level behavior of the nanosensor conjugate as it binds to the analyte
molecules. The systems were described with CHARMM36 force field
parameters60,61 as they have been successfully used to model
interactions between ssDNA molecules and SWCNTs in previous
studies.12,62−65 The parameters for the analyte compounds were
generated from the CGenFF Web site,66 based on CHARMM36
general force field parameters. The simulations were performed with
the NAMD2.13 package67 using Langevin dynamics in the NpT
ensemble, where the value of the Langevin constant γLang was set at
1.0 ps−1, the pressure remained constant at 1 bar, and the temperature
remained constant at 298 K. The integration time step was set to 2 fs,
and Coulomb and van der Waals nonbonded interactions were
evaluated every one- and two-time steps, respectively, for all atoms
within a 12 Å cuto9 distance. The long-range Coulomb interactions
were evaluated using the particle-mesh Ewald (PME) method,68 with
periodic boundary conditions applied in all directions. After 5000
steps of minimization, solvent molecules were equilibrated for 0.1 ns
around the ssDNA−SWCNT conjugate. For this purpose, the atoms
were restrained using harmonic forces with a spring constant of 1 kcal
(mol·Å)−1. Next, the systems were equilibrated in production MD
runs, with harmonic wall restraints applied on the ssDNA side chains
(A and C) and the small molecules. For the harmonic wall restraints,
upper and lower walls were defined at 19 and −19 Å, respectively, and
a spring constant of 10 kcal (mol·Å)−1 was applied. The lengths of all
simulations are listed in Table S5.

Contact Area Calculations. Contact areas between two selections
of atoms A and B (e.g., analyte molecules, ssDNA nucleotides, and
SWCNT surface) at time t, scontact area(t), were calculated for the whole
MD trajectories (∼6 μs) based on the following equation:

s t
s t s t s t

( )
( ) ( ) ( )

2
contact area

A B AB
=

+

(1)

where sA(t) and sB(t) are the solvent-accessible surface areas (SASA)
of atoms within selections A and B at time t, respectively. sAB(t)
represents the SASA of both selections A and B altogether. The
contact areas were calculated with the SASA VMD plug-in, where the
van der Waals radius of atoms was defined as 1.4 Å to designate the
points on a sphere that are accessible to the solvent.

Distance Calculations. To quantify the binding modes visually
observed from the MD trajectories and also to analyze the e9ect of
the polar groups, we calculated distances between the COMs of
selected parts of the analyte molecules (aryl ring, polar groups) and
the SWCNT surface at time t:

d t r t r( ) ( )analyte SWNT= (2)

where ranalyte(t) is the radial distance of the COM of the selected
analyte atoms at time t, defined in the cylindrical coordinate system,
and rSWNT is the radius of the (9,4)-SWCNT.

Calculation of the Percentage of Binding Time for Analytes
Binding to the SWCNT Surface or ssDNA−SWCNT Corona. Here,
we quantify the percentage of time in a total trajectory for which the
analyte molecules are bound to the sensor conjugate. From the
contact area calculations, we imposed a condition to exclude the
frames where the analyte molecules are not binding to either the
ssDNA−SWCNT corona or the SWCNT surface and are located
somewhere in the water box. We concurred that if the analyte
molecules were far away from the ssDNA−SWCNT conjugate in the
water box, the contact area with ssDNA−SWCNT/SWCNT would
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be near 0, so we excluded all those frames and counted only the
number of times that the contact areas were greater than 1, which
signified that the analyte molecules were in the proximity of the
ssDNA−SWCNT conjugate. Ultimately, we divided the count of
times that the analyte molecules were bound to the nanosensor
conjugate by the total number of frames to get the percentage of
binding time for each molecule of each analyte type.

Residence Time Calculations for Binding to the SWCNT Surface
or ssDNA−SWCNT Corona. The residence time (τR) for an analyte
binding to a specific target is defined as the time it remains in a
specific contact position with its target.69,70 Mathematically, it is the
inverse of the dissociation rate (koff) of the analyte−target complex.
koff is the inverse of the average of time the analyte molecules are
bound to the target in di9erent binding events (toff).

71 So, in turn,
residence time becomes equivalent to toff.
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In eq 3, ti is the duration of a binding event of certain duration i,
and ni is the total number of binding events with duration i. nj is the
number of binding events with di9erent durations (j = i1 + i2 + i3 +
⋯).

From the contact area calculations, we extracted the frames for
which the analyte molecules are binding to the SWCNT surface or the
ssDNA−SWCNT conjugate by imposing certain conditions. To
qualify as a binding event, the contact area between the analyte
molecules and the ssDNA−SWCNT corona or the SWCNT surface
must be greater than 30 Å2, and for the analyte molecules with amine
groups, the distance between the amine groups and the SWCNT
surface must be less than 10.5 Å. The duration of each binding event
is then extracted and used to calculate the toff or residence time using
eq 3. We used our own Python codes for all of these calculations. For
each analyte type, all the binding events of all the six molecules were
summed up together to calculate toff.
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