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The ability to robustly and with scalability detect
single photons in the visible spectrum with wavelength resolution
would transform many imaging applications. Theoretical studies
propose an array of carbon nanotubes (CNTs) functionalized with
semiconductor quantum dots (QDs) as a physical realization of
such photon sensors. In this work, we report approaches to
synthesize these CNT-QD nanostructures using DNA as a smart
glue to connect CNTs to QDs.
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etecting single photons is essential for numerous

applications." Integrating frequency resolution into this
detection process can enable new capabilities from capturing
galaxies” parsecs away to resolving fast nanoscale processes in
our own cells.”* The ultimate goal in photon sensing technology
is the development of a device capable of operating at room
temperature and discerning both photon intensity and spectrum
with single photon sensitivity. Despite its significant potential,
this level of technological advancement in photon detection has
yet to be realized.

In this work, we describe an approach to construct a
component for nanoscale single photon sensors by leveraging
DNA-programmed self-assembly of semiconductor quantum
dots (QDs) and carbon nanotubes (CNTs). When QDs are
placed close enough to semiconducting CNTs, an exciton
generated upon a photon absorption by a QD can nonradiatively
transfer onto CNT. This transfer can be detected as a change in
electronic transport in a field effect transistor, where a
semiconducting CNT serves as the channel material. This
proposed architecture is theorized to enable single photon
detection with frequency identification, characterized by low
dark counts, minimal jitter, picosecond response times, and
room-temperature operation, while also being scalable to
megapixels.’

Toward this goal, we synthesized DNA-functionalized QDs
and DNA-functionalized CNTs, and then used QDs to hybridize
CNTs via partially complementary DNA strands. The frequency
resolution of the device can be achieved with QDs of varying
bandgap energies. The bandgap can be readily controlled via
reaction time. We have previously reported DNA-based
programming of quantum dot valency, self-assembly, and
luminescence where DNA can be used both to program
bandgap and enable DNA functionalization.® Furthermore,
DNA has been shown to be able to solubilize” and separate®
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CNTs by chirality type while retaining the capacity to hybridize
with other DNA strands, enabling integration into DNA
nanostructures.”'’ Moreover, electrodes can be effectively
fabricated at the ends of CNTs assembled in this manner,'"
allowing, in principle, scalable construction of photon sensors.

We synthesized CdTe QDs in an aqueous reaction of CdCl,
with sodium hydrogen telluride (NaHTe) using mercaptopro-
pionic acid (MPA) as a capping ligand adapting a published
protocol12 (Figure 1a). Longer reaction times lead to smaller
bandgaps and thus longer luminescence wavelengths (Figure
lIc) due to the growing diameter of QDs and diminishing
quantum confinement.’ To create QDs that can hybridize to
CNTs we synthesized QDs bearing a DNA strand® (Supporting
Information Sections 1—4). Their synthesis follows that of
MPA-capped QDs but uses modified DNA in addition to MPA.
This DNA strand consists of a normal phosphodiester segment
for hybridization with DNA-wrapped CNTs and a phosphor-
othioate segment for the attachment to the CdTe QD (Figures
1b and 2b). There exist a number of other strategies for
anchoring DNA to nanoparticles, such as oligo-histidine linked
to DNA or peptide nucleic acid (PNA),'* as well as poly-A
DNA." In this work we chose to use DNA-only anchors that
were previously shown to be compatible with CdTe QDs® and
can be produced cost-efficiently at scale.

We synthesized CNTs functionalized with DNA by adapting a
published protocol (Figure 2).'° Briefly, we sonicated CNT
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Figure 1. Synthesis of DNA functionalized CdTe QDs. (a) Synthesis of mercaptopropionic acid (MPA)-capped CdTe QDs and corresponding
representative transmission electron microscopy (TEM) image. (b) Synthesis of DNA-functionalized MPA-capped QDs. Blue portion indicates DNA
strand with phosphorothioate backbone, green portion indicates normal phosphate backbone, black lines indicate bases available for hybridization (see
Figure 2 for their structures). During drying on O,-plasma activated carbon film of TEM grid, QDs typically aggregate when functionalized with MPA
only and disperse well when functionalized with both MPA and DNA. (c) Example luminescence spectra at different synthesis times. (d) Example
luminescence of MPA-capped QDs samples without (left three tubes) and with DNA (right three tubes) for four different bandgaps visualized with 254
nm UV light source. An intermediate (orange) spectrum is added to demonstrate a slowdown in the growth rate of the QDs. The four spectra were
taken every 15 min since the beginning of reaction.
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Figure 2. Synthesis of DNA-functionalized CNTs. (a) Example scanning electron microscopy image of insoluble CNT flake from Nanointegris. (b)
Three DNA types used in this work. (c) Schematic representation of DNA strands used for direct hybridization with DNA-functionalized QDs. (d)
DNA strands used for TMSD with DNA-functionalized QDs. (e) DNA strands used for PS-mediated attachment to QDs. (f) DNA strands used for
thiol-mediated attachment to QDs. (g) Example AFM image of DNA-functionalized and purified CNTs showing single tubes along with CNT
bundles. Insets in (a) and (g) show actual samples of insoluble and DNA-solubilized CNTs.

films with DNA, followed by purification (see SS—S7 for
protocols and S9 for DNA sequences). Bundled single-walled
carbon nanotubes are effectively dispersed in water by
sonication in the presence of single-stranded DNA (ssDNA).
DNA can bind to carbon nanotubes through z-stacking,
resulting in helical wrapping to the surface with the binding
free energy of ssDNA to carbon nanotubes exceeding that of two
nanotubes for each other.” We explored four approaches, each
using a different type of DNA.

We used a DNA strand comprised of three segments: a 41-
nucleotide CNT-wrapping region, a 15-nucleotide region
complementary to the displaced strand, and a S-nucleotide
toehold domain of locked nucleic acids (Figure 2d). We
introduced the double-stranded region to minimize adsorption
onto the CNTs sidewall in order to mitigate the slower
hybridization kinetics of DNA wrapped around CNTs'® and to
reduce electrostatic repulsion between the CNT and QD. We
introduced a toehold to subsequently replace the shorter partner
We used normal DNA comprised of two domains: (a) A 40- strand in the complex with a DNA-functionalized QD via
nucleotide GT-rich domain that is reported to have strong toehold-mediated strand displacement (TMSD)."’ The toehold
affinity for CNT surface” and (b) A 16-nucleotide domain for was designed with Locked Nucleic Acid (LNA) modification
binding DNA-functionalized QDs via DNA-hybridization that has stronger affinity to DNA compared to unmodified DNA
(Figure 2¢). The 16-nucleotide sequence was designed using due to reduction of the entropic contribution during the
NUPACK'” to minimize secondary structures and spurious hybridization process'~ (Figure 2b). However, we found that
interactions with other DNA strands used here. While DNA both the preformed double-stranded DNA complex and the
functionalization resulted in well-dispersed CNTs (Figure 3g), single LNA-modified strand failed to disperse CNT's and yielded

attaching QDs to these DNA-functionalized CNTs results in entangled networks of CNTs (Figures 3b and S5—S7).
low yields of QD attachment (Figures 3a and S10), likely caused

by the strong interaction of the 16-nucleotide domain with the

CNT surface. One potential solution would be to try several To create simpler anchors for QD attachment on CNTs we used
other DNA sequences hoping that some will have weaker DNA strands with a phosphorothioate backbone leveraging
binding to CNT surface. However, there are no existing models cadmium’s affinity for the sulfide in the PS DNA (Figure 2e).
that predict arbitrary DNA sequence binding to carbon Short (6-nucleotide) PS strands were effective in maximizing
nanotubes. Therefore, we next explored a more rational CNT dispersion as previously reported, albeit without
alternative, approach 2. phosphorothioate backbones.'® We found that the addition of
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Figure 3. Assembly of CNT-QDs. (a) Direct hybridization with DNA-functionalized QDs. (b) Attachment of QDs via TMSD with monovalent
DNA-functionalized QDs. (c) PS-mediated attachment to QDs. Inset shows a taping mode Atomic Force Microscopy image of CNTs functionalized
with QDs. (d) Covalent functionalization between unmodified QDs. (e, f) Solubilization of CNTs using DNA-functionalized QD.

phosphorothioated backbones in these strands did not affect
their ability to solubilize CNTs, although solubilized CNT
exhibited more bundling than the samples solubilized with
longer strands (S13).

Approach 4

We used DNA strands with a thiol modification at the 3’ (Figure
3f) end to solubilize CNTs and form covalent QD-DNA
assemblies.”” Thiol-modified 10-nucleotide poly-T strands in
their oxidized (disulfide) form were found to solubilize CNTs
effectively. However, upon reduction with tris(2-carboxyethyl)-
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phosphine hydrochloride (TCEP), they lost their ability to
solubilize CNTs, likely due to reoxidation by air oxygen that
leads to cross-linking of CNTs via DNA termini S—S bridges.
These results underscore the complexity of the interplay
between DNA modifications and their interactions with
CNTs, influencing the effectiveness of solubilization and
subsequent QD attachment.

We explored five distinct strategies for conjugating QDs to
CNTs.

https://doi.org/10.1021/acsaom.4c00534
ACS Appl. Opt. Mater. 2025, 3, 569—574


https://pubs.acs.org/doi/suppl/10.1021/acsaom.4c00534/suppl_file/ot4c00534_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00534?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaom.4c00534?fig=fig3&ref=pdf
pubs.acs.org/acsaom?ref=pdf
https://doi.org/10.1021/acsaom.4c00534?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

We first tried to perform a DNA-mediated hybridization
between QDs and CNTs. We used QDs and CNTs both
functionalized with DNA, Figure 3a. We quantified the
concentrations of QDs and CNTs via ultraviolet—visible
(UV—vis) extinction spectroscopy and mixed them in a 1:100
CNT:QD ratio. To alleviate electrostatic repulsion between
negatively charged QDs and DNA-wrapped CNTs, we used
elevated concentrations of Mg** and Na*. We annealed reaction
mixtures as previously reported’ (S11). This strategy yielded
sparse and nonuniform distribution of QDs on CNTs (Figures 3
and S11). We observed inconsistent dispersion of QDs around
CNTs and significant QD aggregation, which might be related to
the loss of MPA ligands during purification observed
previously.'” We hypothesized that poor formation of CNT-
QD hybrids was due to strong electrostatic repulsion between
the negatively charged DNA on CNTs and MPA passivation
ligands on QDs, potentially compounded by DNA adsorption
on CNT sidewalls."®

To overcome the limitations of strategy 1, we adopted a double-
stranded linker complex strategy.'’ CNTs were solubilized with
a complex containing a double-stranded DNA linker (Figure
3b). This was followed by a toehold-mediated strand displace-
ment of the strand not directly interacting with the CNT with a
strand conjugated to a monovalent quantum dot, leading to
either a zip or a classical bond formation (Figure 3b, where only
a zip bond bringing QD close to CNT is shown). We discovered
that locked nucleic acid (LNA) toeholds in the DNA strands
used for CNT solubilization resulted in significant aggregation
of CNTs and their QD conjugates, likely due to the strong
spurious multivalent binding of LNA toeholds.

We used DNA strands with phosphorothioate backbones to
solubilize CNTSs, which were then combined with MPA-coated
CdTe QDs and annealed (Figures 3c and S13). It is worth
noting that DNA strands orient to stack with the surface of the
nanotube. This ?laces the phosphates on the periphery available
to bind to QDs.” We successfully identified individual CNT-QD
structures. The purified CNT-QD solutions display very weak
luminescence observed for strategies 1 and 2, likely due to non-
irradiative exciton transfer from QDs to CNTs (Figure 4). The
control experiment with the same concentrations of CNTs and
QDs where MPA-capped QDs lack the means to attach to CNT's
showed similar absorbance values, while there was ~50 higher
luminescence intensity. The remnant luminescence in the CNT-
QD sample is likely to stray QDs unattached to CNTs that are
always observed in small amounts in TEM even after
purification. These findings mark the first demonstration that
phosphorothioate DNA can effectively be used to attach CdTe
QDs to CNTs.

We also investigated the covalent functionalization between
unmodified QDs and DNA-coated CNTs. Here, we solubilized
CNTs using DNA strands modified with thiol groups at their 3’
ends and then combined them with MPA-functionalized CdTe
QDs (Figures 3d and S14). Interestingly, we found that CNTs
were effectively solubilized only when thiolated DNA strands
were in their unreduced state. In attempts to combine these
DNA-wrapped CNTs with QDs, we experimented with both the
unreduced state of these strands and the reduction via TCEP
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Figure 4. Absorption spectra (dotted lines) and photoluminescence
spectra (solid lines) of CNT-DNA assemblies obtained by Strategy 3
in red. The corresponding spectra for mixture of CNTs and quantum
dots before self-assembly is shown in green displaying similar
absorbance values but much lower luminescence intensity presumably
due to non-irradiative exciton transfer from QDs to CNTs. Our UV—vis
instrument has a range of 200—700 nm, and the spectrometer can
record emission in 400—750 nm range. CNT-QD assemblies with red
QDs from Strategy 3 with maximum emissions at 622 nm were used for
the spectra recording. The residual photoluminescence is likely due to
QDs unattached to CNTs. The concentration of CDs and CNT's was
kept the same for the two samples.

after DNA-wrapping. While this approach was successful in
forming CNT-QD hybrids, the density of QDs on the CNT's was
notably low (Figures 3d and S14). This observation aligns with
reports for CdSe/ZnS core/shell QDs.20 It is also possible that
QDs are attached to the CNT due to dissociation of DNA from
the CNT surface, and multiple DNAs are acting as the ligands to
stabilize the QD.

To assemble photon sensor arrays with spectral resolution, QD-
CNTs bearing QDs with different bandgaps need to be
colocalized to the same pixel of a device. Toward this goal we
functionalized CNT's with QDs that bear DNA strands that have
an additional region for hybridization to DNA origami
surface”"’ (Figure 3e,f). These strands are comprised of a 10-
nucleotide phosphorothioate segment for QD binding during
synthesis, a 40-nucleotide segment for CNT wrapping, and a 20-
nucleotide segment for hybridizing with DNA origami
=% These origamis can then be placed in precise
locations and orientations onto lithographically defined
patches.”* Two variations in the positioning of these domains
were tested: with QD-binding domain between the other
domains (Figure 3e) and at the 3’ end of the strand (Figure 2f).

The latter may be more accessible to QD attachment
compared with the former. In this sample luminescence
quenching was observed, suggesting nonradiative energy
transfer between QDs or between QDs and CNTs. We first
synthesized monovalent QDs using the aforementioned DNA
strand followed by the separation of unbound DNA (S12).
These QDs were then used to solubilize the CNTs. Two designs
gave different results. When located at the strand’s end we
observed the formation of CNT-QD hybrids, though with
significant aggregation attributed to QD clustering and potential
DNA hybridization (Figures 2e, S12). When the QD-binding
domain was placed between the other two regions, CNTs were
successfully solubilized, but many fewer QDs were visible in

21
canvases.
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TEM imaging (Figures 2f, S12). We suspect that the sonication
step in CNT solubilization might have degraded the QDs. In this
sample luminescence quenching was also observed (spectrum
not shown as it was just a baseline); however, the lack of QDs
when TEM imaging suggests this is due to the destruction of

QDs.

We also explored the growth of QDs directly on CNTs. Here we
grew lead sulfide (PbS) QDs on DNA-wrapped CNTs, utilizing
the negatively charged backbone of DNA as a nucleation site for
Pb** ions.”> While successful in forming CNT-QD composites,
the process resulted in significant aggregation (S15), did not
allow precise bandgap control of QDs, and lacked an effective
method for integrating the CNT-QD constructs into arrays for
multifrequency photon sensor applications.

The current methodologies for attaching QDs to CNT's face
several critical limitations. These include the inability to control
QD density on CNTs effectively, the aggregation of CNT-QD
hybrid nanostructures, the failure of the resulting nano-
composites to hybridize with other DNA structures for self-
assembly, the excessive distance between CNTs and QDs
impeding exciton transfer, and the modification of CNT
sidewalls, which may disrupt their conductive properties.

We have tested several existing and developed several new
strategies for assembling CNT-QD architectures. Notably, the
noncovalent functionalization of DNA-coated CNTs with
unmodified QDs (Strategy 3) and the use of DNA-function-
alized QDs for solubilizing CNTs (Strategy S) demonstrated
improved QD density compared to published approaches. In
addition, Strategy 5 adds a DNA handle for further attachment
of CNT-QDs to DNA origami. Immobilization of CNTs-QDs
on origami can enable self-assembly of CNT-QDs function-
alized with QDs with several bandgaps for spectrally resolved
photon sensing.

The aggregation of CNT components and resulting CNT-
QDs architectures is still a recurring challenge. One way to
mitigate aggregation is to use shorter CNTs, which can be
achieved by extending sonication times. Shorter tubes will have
less capabilities for tube—tube interaction, no matter what the
nature of that interaction may be—van der Waals CNT-CNT,
DNA—-DNA, sulfur—sulfur, etc. To further reduce the persistent
CNT aggregation one potential solution is prearranging CNT's
in DNA trenches’ before QD introduction. Furthermore, the
observed aggregation of QDs over time indicates the necessity
for more stable QD formulations, a crucial focus for future
research to enhance QD-CNT functionalization.

Future work could explore longer DNA strands with
phosphodiester and phosphorothioate regions, offering control
over QD density and enabling hybridization and incorporation
into photon sensor arrays. In addition, we are pursuing direct
CNT functionalization of isolated suspended on chip array
CNTs in collaboration with Aligned Carbon, Inc.

The CNT-QD assemblies reported here represent a small yet
significant step toward the development of advanced photo-
detectors capable of detecting both light intensity and frequency.
The DNA-guided noncovalent functionalization of CNTs with
CdTe quantum dots opens new avenues for sophisticated light
detection technologies, promising wide-ranging applications in
scientific and technological fields.
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The Supporting Information is available free of charge at
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Synthesis and sample preparation protocols, additional
atomic force and transmission electron microscopy
images (PDF)
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