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ABSTRACT: The assembly and isolation of DNA
oligonucleotide-functionalized gold nanoparticles
(AuNPs) has become a well-developed technology that
is based on the strong bonding interactions between gold
and thiolated DNA. However, achieving DNA-function-
alized semiconductor quantum dots (QDs) that are robust
enough to withstand precipitation at high temperature and
ionic strength through simple attachment of modified
DNA to the QD surface remains a challenge. We report
the synthesis of stable core/shell (1—20 monolayers)
QD—-DNA conjugates in which the end of the
phosphorothiolated oligonucleotide (5—10 nucleotides)
is “embedded” within the shell of the QD. These reliable
QD-DNA conjugates exhibit excellent chemical and
photonic stability, colloidal stability over a wide pH
range (4—12) and at high salt concentrations (>100 mM
Na* or Mg*"), bright fluorescence emission with quantum
yields of up to 70%, and broad spectral tunability with
emission ranging from the UV to the NIR (360—800 nm).

O rganizing inorganic nanoparticles (NPs) with nanoscale
precision is of great interest for energy, nanophotonics,
and nanobiotechnology applications." One of the most
promising approaches for the fully programmable self-assembly
of NPs, DNA nanotechnology, relies on Watson—Crick base-
pairing interactions between DNA-functionalized NPs and
underlying DNA nanoscaffolds.” DNA-directed self-assembly
of oligonucleotide-functionalized gold NPs (AuNPs) was first
introduced by Mirkin® and Alivisatos* in 1996. Since then, the
process of attaching thiolated oligonucleotides to citrate-
stabilized AuNPs through successive salt aging has been well-
developed.” These stable DNA—AuNP conjugates have enabled
the DNA-directed self—assemb}jy of one-dimensional (1D) AuNP
self-similar chains and arrays, *b two-dimensional (2D) AuNP
superlattice sheets,® three-dimensional (3D) AuNP tubes,*
AuNP superlattice crystals,*® and even chiral plasmonic AuNP
nanostructures with tailored optical responses.6f

However, less progress in organizing semiconductor NPs or
quantum dots (QDs) into architectures with interesting
fluorescence properties has been made. To facilitate DNA-
directed assembly of semiconductor QDs and achieve reliable
architectures, the QDs should exhibit the following properties:
(1) High chemical and photonic stability. The QDs should be
highly resistant to chemical degradation and photobleaching
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during assembly of the underlying DNA nanoscaffolds, as the
annealing process involves relatively high temperatures and ion
concentrations; this requires the use of core/shell QDs. (2)
Strong binding affinity between the DNA oligonucleotides and
the QDs. The chemically modified oligonucleotides should not
detach from the QD surface while in solution; thus, conventional
thiolated oligonucleotide binding strategies are not adequate. (3)
High colloidal stability over a wide range of buffer conditions.
The chemically modified oligonucleotides should not precipitate
or aggregate at high salt concentrations (>100 mM Na* or Mg**)
and should be stable at a variety of pHs. (4) High fluorescence
quantum efficiency (>50%). This is important when the QDs are
used as fluorescent markers for molecular detection or
monitoring of biological processes at the single-particle level.
(5) High spectral tunability to achieve a wide range of QD
emissions. This is critical in applications such as biolabeling, light
manipulation, and controlled energy transfer.

Recently, DNA—protein interactions have been used to
arrange QDs on DNA tile arrays and origami. In 2008, we
used biotinylated DNA tile arrays to direct the assembly of
streptavidin-conjugated CdSe/ZnS core/shell QDs into well-
defined periodic patterns.” In 2010, Bui et al.”” used biotinylated
DNA origami nanotubes to assemble streptavidin-conjugated
CdSe/ZnS QDs into arrays. In 2012, Ko et al.” used biotinylated
DNA origami to assemble streptavidin-functionalized QDs.
Unfortunately, the complexity of structures that can be formed
by this method is limited, as the biotin—streptavidin interaction is
not information-bearing.

Alternatively, QD—DNA conjugates can be designed to bind
directly to an underlying DNA nanostructure through sequence-
specific Watson—Crick base pairing, providing a significant
increase in the level of structural complexity that can be achieved.
Several conjugation strategies for attaching DNA oligonucleo-
tides to the surface of QDs have been developed. Mirkin®
reported the attachment of thiol-modified (3’-propylthiol or 5'-
hexylthiol) single-stranded DNA (ssDNA) to the surface of
CdSe/ZnS QDs, similar to ssDNA—AuNP conjugates. We
reported the attachment of thiol-modified ssDNA to the surface
of CdSe/ZnS core/shell QDs, where the conjugation occurred
during a one-step core/shell formation process.*” Recently,
Kelley® reported a synthetic route to produce phosphorothio-
lated phosphorodiester DNA (ps-po-DNA)-functionalized
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CdTe QDs, but these core-only QDs without shells had a low
quantum yield (<50%). The above QD—DNA conjugates were
less stable than their AuNP—DNA counterparts under similar
buffer conditions. This is the case because Au—S bonds (AH =
418 kJ/mol) are much stronger than Au—O bonds (AH = 221.8
kJ/mol), enabling the thiolated DNA to displace the original
citrate ligand on the AuNP surface and form stable Au—DNA
conjugation, whereas the strengths of Cd—S (AH = 208.4 kJ/
mol) and Zn—S bonds (AH = 205 kJ /mol) are similar to those of
Cd—O (AH = 235.6 kJ/mol) and Zn—O bonds (AH = 159 kJ/
mol),’ allowing these thiol ligands on the QD surface to be
displaced by other ionic species present in the aqueous bufer.
Herein we report a new strategy to achieve robust DNA-
functionalized core/shell QDs that satisfy all five requirements
for DNA-directed self-assembly listed above. Our strategy for
forming these QD—DNA conjugates (Figure 1) takes advantage
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Figure 1. DNA functionalization of core/shell QDs and organization by
self-assembled DNA origami. Core/shell QDs are functionalized with
oligonucleotides during shell growth in aqueous solution at 90 °C for
20—120 min. The resulting core/thick-shell QDs are chemically,
photonically, and colloidally stable and display PL quantum yields of up
to 70% and broad spectral tunability from the UV to the NIR. The DNA
oligonucleotides contain phosphorothiolated (ps) domains (5—10
nucleotides; shown in violet) for incorporation of the DNA directly into
the outer QD shells and a typical phosphodiester (po) backbone (blue)
for recognition by DNA capture probes within origami structures. The
QD core (red) can be synthesized in aqueous solution or an organic
solvent. The shells (green) are CdS or ZnS. Simultaneously, self-
assembled DNA origami structures were synthesized by thermal
annealing of M13 DNA with staple strands (gray) and capture strands
(red). Finally, hybridization of the recognition domains of the QD—
DNA conjugates to complementary capture strands displayed on the
surface of the DNA origami yields higher-order architectures.

of chimeric ps-po-ssDNA strands that are directly inserted within
a thick CdS or ZnS QD shell during its synthesis over the core.
This synthetic route results in core/shell QD—DNA conjugates
that are chemically, photonically, and colloidally stable as well as
highly fluorescent [with photoluminescence (PL) quantum
yields of up to 70%] for a wide range of semiconductor materials
with tunable fluorescent emissions spanning from the UV to the
NIR (360—800 nm). We also demonstrate the organization of
these QD—DNA conjugates by complementary base pairing to
triangular- and rectangular-shaped DNA origami structures.
The synthesis proceeded as follows: first, water-soluble
mercaptopropionic acid (MPA)-capped CdTe core QDs were
encapsulated with thick CdS shells in the presence of ps-po-
ssDNA [for details, see pages S3—S12 and Figures S1—S9 in the

Supporting Information (SI)]. The magic-sized MPA-capped
CdTe nanocrystals (1.6 nm diameter with peak PL at 480 nm)
were synthesized as described previously.'® In a typical reaction,
an aliquot of CdTe core QDs was purified and redissolved in 100
uL of nanopure water. Prescribed amounts of Cd**—MPA
complex (the precursor of both Cd and S for CdS shell growth)
and ps-po-ssDNA (the surface ligand) were added to the core
mixture. The ps-po-ssDNA oligonucleotides (5'-T28-GS5-ps-3')
contained a stretch of five consecutive G residues followed by five
consecutive ps backbone modifications and 28 unmodified T
residues linked by conventional phosphodiester bonds. The pH
was adjusted to 12, and the mixture was heated at 90 °C for 70
min. During this time, the Cd**~MPA complex slowly
decomposed, and a CdS shell of particular thickness was formed
around the CdTe core. The five S atoms in the ps domain of the
DNA were “inserted” into the CdS shell during its formation,
while most (if not all) of the poly-T domain extended away from
the surface of the shell and was available for hybridization to the
complementary DNA within the underlying DNA nanostructure.
As we reported previously,'” at this relatively mild temperature
the monolayer-by-monolayer formation of the CdS shell is fully
controlled by the slow decomposition of the Cd**—~MPA
complex, and the shell thickness is determined by the total
reaction time. We observed that seven CdS shell monolayers
formed in 70 min, so the estimated synthesis time was 10 min/
monolayer. In view of the relatively low rate of growth, the S
atoms in the ps domains of the oligonucleotides had ample
opportunity to bond to the Cd atoms and were readily
incorporated into the CdS shell. From the UV—vis absorption
spectra, the number of ssDNA on one QD was estimated to be 9
(see Figure S9).

The resulting core/shell CdTe/CdS QD—DNA conjugates
had an estimated diameter of 6.5 nm, corresponding to a seven-
monolayer CdS (7CdS) shell, with a band-edge emission
maximum at 672 nm and a PL quantum yield of 70%. The
observed ~200 nm red shift of the emission peak is assigned to
quasi-type-II QDs.'* Transmission electron microscopy (TEM)
and high-resolution TEM (HRTEM) images revealed that the
QD—DNA conjugates were monodispersed, single-crystalline
particles (Figure 2a). The purified thick-shell QD—DNA
conjugates were found to be stable under a variety of buffer
conditions, including 1X PBS buffer at pH 4.0, 7.0, and 10.0; 1X
TAE—Mg*" buffer; 1X TBE—Mg** buffer; and 10X TAE—Mg**
buffer (125 mM Mg**) (Figure 2c). Thus, our QD—DNA
conjugates are colloidally stable over a wide pH range (4—12) at
high salt concentrations (>100 mM Na* or Mg*").

These CdTe/7CdS QD—DNA conjugates were subsequently
assembled at precise positions on DNA origami structures via
hybridization to complementary poly-A capture probes extend-
ing from the origami surface (three capture probes per QD—
DNA). We demonstrated the organization of three or two QD—
DNA conjugates on triangular or rectangular DNA origami,
respectively (Figure 2d—g). Atomic force microscopy (AFM)
and scanning TEM (STEM) confirmed that >95% of the
triangular DNA origami structures displayed three QDs, one on
each arm (Figure 2d,f), and that 90% of the rectangular origami
structures displayed two QD—DNA conjugates, one each at
opposite corners (Figure 2e,g), as prescribed by the design (for
design details and additional images, see SI pages S29—S45 and
Figures $24—S26). The AFM height profiles showed that the
QD—DNA conjugates had a narrow size range (6—7 nm).

We also synthesized thick-shell CdSe/CdS QD-DNA
conjugates containing 20-monolayer CdS (20CdS) shells. As
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Figure 2. DNA-functionalized CdTe/7CdS core/shell QDs with MPA-
capped magic-sized CdTe cores and emission at 672 nm. (a) TEM and
HRTEM images of the QD—DNA conjugates. (b) UV—vis absorption
and PL emission spectra of the conjugates (red) and the reference dye
thodamine 101 (black) for PL quantum yield measurements.
Comparison with the PL intensity of the reference dye revealed that
the QD—DNA conjugates displayed a quantum yield of 70%. (c)
Photographs of the QDs illuminated with a 365 nm UV lamp in several
different buffers: (1) 1x TAE—Mg?*; (2) 10x TAE-Mg™; (3) 1x
TBE—Mg“; (4—6) PBS buffers at pH 4, 7, and 10, respectively. (d—g)
AFM images and height profiles of the CdTe/CdS QDs organized by
triangular (three QDs total, one QD per arm) and rectangular (two QDs
total, in opposite corners) DNA origami. The inset in (d) is a STEM
image of CdSe/7CdS QD—DNA conjugates assembled on triangular
DNA origami, whose triangular shape was made visible by negative
staining with uranyl formate.

reported by Hollingsworth''* and Dubertret,''® “giant”-shell or

thick-shell QDs are more chemically stable and exhibit reduced
blinking behavior at the single-particle level. Thick-shell QDs
have been obtained by the successive ionic layer adsorption and
reaction (SILAR) method,"" which requires high temperatures
(240 °C) and a growth process in an organic solvent. Here we
developed a new method to achieve thick-shell CdSe/20CdS
QDs at lower temperatures (90 °C) in aqueous solution. More
significantly, we incorporated the ssDNA within the shell itself
during the encapsulation process. First, oleic acid (OLA)-capped
CdSe core QDs (6 nm diameter) were synthesized in paraffin
liquid at 320 °C (Figure 3a,d; for details, see SI pages S13—S21
and Figures $10—S17)."' The OLA-capped CdSe cores had
diameters of ~6.0 nm and fluorescence emission at 650 nm.
Next, nine-monolayer CdS shells were deposited on the CdSe
cores in aqueous solution at 90 °C with MPA as the capping
ligand. After the ligand exchange and CdS shell growth, the
tetrahedral-shaped MPA-capped QDs exhibited emission at 660
nm. The approximate length of these tetrahedral-shaped QDs
was 12 nm (Figure 3b,e). Finally, additional shells were
incorporated on the QDs in the presence of ps-po-ssDNA.
The resulting DNA oligonucleotide-functionalized thick-shell
CdSe/20CdS QDs emitted at 663 nm. The length of the QD—
DNA conjugates increased to 18 nm (Figure 3c,f). The relatively
small size of the PL red shift upon shell growth was due to the
large core size of these core/shell QDs (6 nm diameter), as small-
core (3 nm diameter) CdSe QDs encapsulated with a thick shell
showed a PL red shift of 70 nm (from 565 to 635 nm; Figure
$10). This may be a strain-induced PL shift."*

Figure 3. Characterization of various stages during the synthesis of
CdSe/20CdS QD—DNA conjugates. (a—c) TEM and (insets) STEM
images and (d—f) HRTEM images of (a, d) OLA-capped CdSe core
QDs (spherical, 6 nm in diameter), (b, e) core/shell CdSe/9CdS QDs
(tetrahedral, 12 nm in length), and (¢, ) thick-shell CdSe/20CdS QD—
DNA conjugates (tetrahedral, 18 nm in length). (g) AFM image and
(inset) height profile and (i) STEM image of CdTe/20CdS QD—DNA
conjugates organized by triangular DNA origami. (h) PL and (j) EDS
spectra of CdSe QDs (black, “1”), CdSe/9CdS QDs (red, “2”) and
CdTe/20CdS QD—DNA conjugates (wine, “3”).

We demonstrated that these robust, thick-shell QD—DNA
conjugates are readily organized by addressable DNA origami
structures to form discrete, well-ordered nanoarchitectures. In
addition, DNA origami are an ideal platform to confirm the
successful DNA functionalization of the QDs, which is more
straightforward and reliable than the previous QD—DNA/dye
FRET method.®® As demonstrated in Figure 3j, energy-
dispersive X-ray spectroscopy (EDS) spectra of the self-
assembled origami nanostructures revealed the presence of Cd,
Se, S, and P from the CdSe/20CdS QD—DNA conjugates.

This strategy is quite versatile and can be applied to QDs
composed of other semiconductor materials (Figure 4). For
example, we found that ZnS shells could be deposited on a variety
of different core materials using the same strategy. Using a water-
soluble ZnSe core,'* we produced ZnSe/4ZnS QD—DNA
conjugates displaying UV emission at 360 nm (Figure 4; for
details, see SI pages S22—S28 and Figures S18—S23). Using
OLA-capped CdS or quaternary-alloy ZnCdSSe QD cores,'** we
synthesized CdS/4ZnS QD—DNA conjugates with blue
emission at 425 nm and ZnCdSSe/4ZnS QD—DNA conjugates
with green emission at 510 nm, respectively. Furthermore, we
produced CdTe/4ZnS QD—DNA conjugates with yellow
emission at 555 nm. Finally, we used magic-sized CdTe core
QDs to synthesize a series of DNA-functionalized QDs,
including CdTe/2CdS, CdTe/4CdS, and thick-shell CdTe/
10CdS and CdTe/13CdS QDs with emission maxima in the
orange, red, and NIR at 575, 610, 740, and 800 nm, respectively.
The organization of each of these QD—DNA conjugates by DNA
origami is shown in Figure 4. The AFM height profiles of the
particles corresponded well to the sizes measured using TEM.

Since CdS and ZnS are wide-band-gap semiconductor
materials that are generally used in QD shells, it is reasonable
to expect that many other core/shell QDs with various core
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Figure 4. (a) Fluorescence spectra of a series of DNA-functionalized
core/shell QDs with tunable emission from the UV to the NIR. (b)
Zoomed-out and -in AFM images and corresponding height profiles of
QD—-DNA/DNA origami structures. The conjugates have the following
emissions and compositions: UV-emitting (360 nm) ZnSe/4ZnS QDs;
blue-emitting (425 nm) ZnSe/4ZnS QDs; green-emitting (510 nm)
ZnCdSSe/4ZnS QDs; yellow-emitting (5SS nm) CdTe/2ZnS QDs;
yellow-emitting (575 nm) CdTe/2CdS; orange-emitting (610 nm)
CdTe/4CdS; NIR-emitting (740 nm) CdTe/8CdS; and NIR-emitting
(800 nm) CdTe/13CdS, respectively. The scale bars are 100 nm.

compositions can be synthesized, such as binary PbS, InP, and
InAs QDs for IR emission; doped ZnSe:Mn QDs; ternary-alloy
CulnSe and ZnCdSe QDs; quaternary-alloy CulnSSe QDs; and
so on. All of these should be compatible with the oligonucleotide
functionalization strategy reported here.

In summary, we have developed a simple and efficient method
to synthesize robust core/shell QD—DNA conjugates that can
withstand the conditions necessary for DNA-directed assembly.
In contrast to QD functionalization strategies in which the DNA
ligands are simply attached to the QD surface, our method
embeds the DNA within the shell itself, providing greater
stabilization. Our strategy can be used with a wide variety of
semiconductor materials displaying PL emission ranging from
the UV to the NIR. Also, discrete numbers of QD—DNA
conjugates can be organized by DNA origami nanostructures, an
essential component of hierarchical NP assembly efforts. This
work will facilitate the construction of discrete, multicomponent
semiconductor or semiconductor—metal hybrid nanostructures
for energy, nanophotonics, and biosensing applications.
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