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The ability to organize nanostructures of disparate types and
materials — such as metal nanoparticles and semiconductor quantum
dots — is challenging but essential for the creation of novel materials
and devices. Metal nanoparticles (NPs) have interesting individual
plasmonic properties and can be organized to exhibit useful
collective responses.t! Quantum dots (Qdots) provide a powerful
means to optically access the nanoscale. Bringing the two together
in a well-controlled manner can create structures with interesting
properties such as fluorescence enhancement/quenching® and high
efficiency Forster resonance energy transfer.’! It also has been an
area of intense study, both theoretical and experimental, for a wide
range of applications including photodetectors,”! optical
modulators® and nanoscale lasers.®! In particular, changing the
fluorescence intensity and lifetime of Qdots, when proximate to
metal NPs can be used in sensing applications because of the strong
distance-dependence of interaction between them and the ability to
engineer the properties (e.g. size, absorbance/emission spectrum) of
the individual components over wide ranges.

Numerous strategies have been used to connect and control the
distance between Qdots and NPs with nanometer precision.?378°!
The structures used previously, however, exhibit a limited
persistence length (= 50 nm), making the construction of the
complex geometries required for eventual use in real devices
challenging. DNA origamit’? offers a platform with significant
advantages: a more rigid scaffold to organize various moieties,
increased geometrical complexity, no need to control the
stoichiometry of spacer per NP, and more control over distances.'"
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We have therefore chosen to exploit DNA origami for this purpose.
We have developed a novel, flexible approach to fluorescence
lifetime engineering of CdSe/ZnS (core/shell) Qdots by controlling
their coupling to adjacent gold nanoparticles (AuNPs) at
geometrically different locations on the DNA origami. To examine
these constructs in their native state in solution, we use a three-
dimensional (3D), real-time, single-particle tracking system. We
determine the influence of AuNPs on Qdot fluorescence lifetime by
systematically varying the location, number, and size of AuNPs as
well as interparticle distance and spectral overlap between AuNP
and Qdot. The DNA origami serves as a programmable nano-
peghboard for heterogeneous integration of Qdots and AuNPs
wherein complex geometries are created by using modified staple
strands on the DNA origami to capture specific nanoparticles (Fig.
1). In this work, we manipulate and control the average photon
count rate and lifetime of Qdots by varying the geometrical
configuration of Qdot-AuNP conjugates on DNA origami and
observe good agreement between theory and measurement.
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Figure 1. Schematic representation of the fabrication process of
Qdot-AuNP conjugates on DNA origami templates. Each group of
three biotin-conjugated staple strands and triple sticky-end capture
strands is located at predetermined binding sites to capture
streptavidin conjugated Qdots and DNA-functionalized AuNPs,
respectively. The estimated interparticle distances of Qdot and 15 nm
diameter AuNPs are (15.0 £ 1.1) nm for the same side (|, Ill, and IV)
and (17.6 = 1.1) nm for the opposite side (Il and Il1).

Solution-based measurements are important, since they provide
insight into how the constructs will behave in a biological
environment. The single-particle tracking system enables us to
follow the 3D motion of individual diffusing fluorescent species in
solution over an extended (up to 100 s) period of time (Fig. S1),
while detecting the emitted photons with a single-photon-counting
Si-avalanche photodiode. The long tracking time significantly



improves the signal-to-noise ratio (SNR) which, combined with the
single-photon detectors, enables us to measure photon antibunching
at mean fluorescence rates as low as 20 kHz.'*? Tracking freely-
diffusing particles permits noninvasive monitoring of individual
DNA origami in buffer solution, in contrast to other measurements
that typically employ surface-immobilized DNA origami.*!
Additionally, since single-particle tracking measures diffusion
coefficients, we can differentiate between species with different
hydrodynamic radii. This property, in conjunction with the fact that
the technique is only sensitive to fluorescent particles, means that
purification is unnecessary and that concentrations of Qdot as low as
~ 102 molL? (1 pM) can be used.

In order to organize AuNPs and Qdots into different geometrical
configurations, we use rectangular DNA origami, 70 nm x 100 nm,
as a template and modified staple strands at predefined positions
extending from either side of the origami. The use of both sides,
“up” and “down”, provides more flexibility in controlling
nanoparticle location. “Up” staple ends are made by shifting each
end by 5 nucleotides at the 3’-end, giving an extra half helical turn
(assuming 10.5 bases per turn of B-form helices).*¥ Binding
locations for AuNPs and Qdots are created by incorporating three
hybridizing staple strands or three biotin-modified strands into the
origami template, respectively, according to the desired design.
AuNPs of 10 nm, 15 nm, and 20 nm diameter (Fig. S2) were
conjugated with single strands of T18, which were dithiolated at the
5’-end, and further backfilled with thiolated-mPEG (polyethylene
glycol, molecular weight: 356.5) to fully cover the surface of AuNPs
and avoid aggregation of AuNPs at the high concentration of Mg?*
needed for DNA origami hybridization. We integrated two different
Qdots with the DNA origami, with emission spectra centered at 585
nm and 605 nm respectively (designated as Qdot 585 or Qdot 605).
The Qdots have an approximate diameter of 20 nm, comprising of
semiconductor core (3 nm to 4 nm), a polymer coating and
streptavidins (an average of 5 molecules to 10 molecules).
Streptavidin-coated Qdots bind with high (> 90 %) vyield to the
biotinylated staple strands.* We constructed four different
configurations of AuNPs and Qdot on DNA origami utilizing both
sides of the origami template (Fig. 1), by mixing Qdot solution with
the preassembled AuNP-origami template solutions at a
stoichiometry of 1:2, and incubating overnight at RT. An excess of
AuNP-origami templates minimizes free Qdots. These samples
were used without further purification.

Qdot fluorescence lifetimes (z) were measured by performing
photon-correlation measurements on each tracked Qdot and
analyzing photon antibunching behavior.'®! CdSe/ZnS Qdots are
two-level emitters and the fluorescence exhibits photon
antibunching on time scales comparable to the fluorescence
lifetime.[*™ The probability of detecting two photons simultaneously
emitted from a single Qdot is zero, because a finite amount of time
is need to cycle the Qdot between the ground and excited states.
Photon antibunching is clearly quantified using the second-order
photon correlation function:
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where <f(t, t + 7)> is the probability of detecting photons between
time t and t + 7, I, is the excitation rate (proportional to laser
intensity), # is the fluorescence lifetime, o is the depth of the
antibunching dip, and g%(z) is the correlation function for all other
processes affecting the fluorescence statistics. Quantitative
measurements of Qdot fluorescence lifetimes were made by

g’(v)

measuring g2(t) as a function of laser power for ~ 150 constructs of
each design and applying a simple linear fit.[*"]

Figure 2 shows an example of measurement results of
antibunching rise rates (/"= 7, + 5 %) with Qdot 585, which has a 15
nm AuNP on the other side of DNA origami. A total number of 149
Qdots were measured at different laser intensities. A linear fit of
mean values (red dot) indicates that the lifetime z = (17.0 £ 1.3) ns.
The inset shows one typical g%(z) plot (blue dots) with a dip centered
at = 0. A fit (red line) to Equation (1) indicates a rise rate, /= 76
MHz, and antibunching dip, o ~ 1, which demonstrates that the
fluorescence is from a single Qdot.*®! The variation in rise rates is
primarily due to the lifetime heterogeneity within the sample, and
not due to poor SNR (SNR in our measurement is around 80).1*°!
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Figure 2. Anti-bunching rise rates (open circles) of 149 tracked
particles of Qdot-AuNP on DNA origami (Qdot 585, 15 nm AuNP)
were measured as a function of laser intensity. Linear fit of mean
values (red dot) gives a lifetime 7y = 17.0 + 1.3 ns. Inset shows g°(z)
(blue dots) of one tracked particle with a fit (red line) to Equation (1).
Data for different designs of Qdot-AuNP on DNA origami are provided
in Figure S3.

Although analysis of AFM & SEM images (Fig S4 & S5)
indicates that the yields of the desired constructs are high (> 80 %),
it is important to verify that the observed spread in antibunching rise
times, and hence lifetime, comes from variations within a particular
structure, and not from a mixture of different species. The measured
data are well fit by single Gaussians (Fig. S6), lending support to
this hypothesis. We note that single-particle measurements are
particularly useful in this regard, compared to ensemble lifetime
measurements where samples with heterogeneous lifetime
distributions can be challenging to analyze.”)

We determined the influence of AuNPs on Qdot fluorescence
lifetime and emission rate by measuring a series of Qdot-AuNP
conjugates on DNA origami templates with different geometries.
Figure 3 shows the measured average fluorescence lifetime and
photon count rate of Qdots with AuNPs in six different
configurations. The DNA origami itself does not affect the average
lifetime or the fluorescence photon count rate of individual Qdots.
However, both of these quantities decrease as the interparticle
distance, d, (center of Qdot to metal surface of AuNP) between the
AuUNPs and Qdots decreases (cf. design | vs. design Il) or the
number of AuNPs increases (cf. design Il vs. design V). This
dependence on the placement and number of adjacent AuNPs
indicates that the lifetime of Qdots can be engineered precisely over
a large range.



By using AuNPs of different diameters bound at fixed locations
relative to the Qdot, we investigated the influence of different
interparticle distances, d, on the fluorescence lifetime of Qdot 585.
Larger AuNPs yielded shorter interparticle spacings. For AuNPs
having nominal diameters of 10 nm, 15 nm and 20 nm, we
calculated separations of (17.0 £ 0.8) nm, (15.0 + 1.1) nm, and
(13.2 £ 2.1) nm, respectively (Fig. S7 & Table 1). The uncertainties
in the separations are a result of the distributions of AuNP sizes,
which are determined from TEM measurements (Fig. S2). The
length of the T4 spacer is 1.4 nm, which may contribute some
additional uncertainty in AuNP position.
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Figure 3. Average photon count rate (right axis) and lifetime (left axis)
of Qdot 585 engineered by adjacent 15 nm AuNPs on DNA origami.
Error bars are one standard deviation uncertainties derived from the
measured distribution of photon count rates and antibunching rise
times respectively. The topographic illustration of each design and its
corresponding SEM image are shown at the bottom of the plot. In
SEM images, the rectangular shape of DNA origami is visible as a
darker gray color and AuNPs and Qdot appear as bright white balls
and a small white dot, respectively. Larger area SEM images are in
the Supporting Information (Fig. S5).

Table 1. Measured lifetimes and photon count rates for Qdot 585 bv
different diameter of AUNPs on the same side of DNA origami (<),

Diameter of AUNP No AuNP 10 nm 15 nm 20 nm
d (nm)@ 17.0+08 150+1.1 132+2.1
Lifetime, 7 (ns) 195+1.6 17509 149+0.7 11.2+1.9

Photon count rate 51+8 45+ 6 36+6 29+5

[a] spacing between the center of Qdot and the surface of AuNP .
[b] measured at 1000 Wcm (1000 photons-s™).

Both the fluorescence lifetime and average photon count rate
of Qdot 585 decreased significantly with decreasing interparticle
distance, d, (Table 1). We attribute these decreases to excitation
energy transfer (EET) from Qdot to AuNP." 8 In our system, the
ratio of d to AuNP radius lies between 1 and 4. Under these
conditions, the normal point dipole approximation that leads to the
1/d¢ dependence of lifetime on distance, characteristic of Forster
Resonance Energy Transfer (FRET) is not appropriate and the EET
should display a 1/d" distance dependence, with n, itself a function
of d, ranging between 3 and 4.8 Intuitively, this can be understood
by noticing that, as the separation between Qdot and AuNP
decreases, the AuNP appears more like an extended metal surface.
In the basic point dipole approximation, integration over the surface

would lead to an n value of 4. We use a more complete
analysis,”” that includes the effect of high-order multipole terms.
At the interparticle distances in our constructs, the main effect is on
the non-radiative rate, while the radiative rate is essentially
unaffected. However, this requires a numerical calculation to
capture the complex dependence of the Qdot-AuNP interaction.[?!
In Fig. 4 below we compare calculations of the expected normalized
Qdot lifetimes with our measurements. The normalized lifetime of
the Qdot, zorm, is determined from the observed lifetimes,[ !

Thorm = Toal To 2

where 7pa and7p are the lifetimes of the donor (Qdot) in the
presence and absence of the acceptor (AuNP), respectively.
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Figure 4. Comparison of calculated and measured normalized

lifetime of Qdot 585 with different size of AUNPs on the same side of
DNA origami (design Il). The horizontal error bars for the particle size
are one standard deviation (o), as determined from the TEM
measurements of AUNP diameter, while the vertical error bars are

one standard deviation in measured lifetime. The error bars for the
calculation are determined by performing the calculation for the range
(mean + 10) of AUNP sizes observed. The calculation represents the
weighted average of the lifetimes given tangential (T) or radial (R)
orientations of the Qdot dipole with respect to the AuNP, i.e. (2T+R)/3.

Comparison of the measured normalized lifetimes with the
calculated ones shows excellent agreement (Fig. 4). A significant
fraction of the variation in normalized lifetime is accounted for
simply through the observed distribution in AuNP diameters: any
residual variation is most probably due to small deviations in actual
versus designed particle position. We note that the normalized
lifetime is not only sensitive to small variations in Qdot-AuNP
separation, but, at the separations of interest here (Fig. S8), becomes
more so as the particle size increases. Interestingly, the variation in
separation sensitivity with particle size opens up the possibility of
tuning the response of a Qdot-AuNP construct as a function of
particle separation from “hard” to “soft” by combining particles of
different sizes and spacings.

We might expect that the normalized photon count rate as a
function of particle size would be different from the normalized
lifetime, since the former would include not only EET, but also any
local field enhancement provided by the AuNP. However, a
comparison between the normalized count rates and lifetimes (Table
S1) shows that there is no significant difference. This is consistent



with an analysis by Tanabe,?? which indicates that, once averaged
over all orientations of the incident field, for our values of d to
AuNP radius, minimal field enhancement is expected.
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Figure 5. Absorption spectra (left axis) of AUNPs and emission
spectra (right axis) of Qdot 585 and Qdot 605 at Aexcitation = 500 nm.
The emission spectra are collected with a long-pass filter with a cutoff
of 530 nm.

Finally, we find that the degree of spectral overlap between the
Qdots and AuNPs correlates with the energy transfer efficiency.
Using design 11 but changing to Qdot 605, which has its emission
peak farther from the absorption peaks of the AuNPs than Qdot 585
(Fig. 5), leads to a decreased spectral overlap and a smaller effect on
average lifetimes and photon count rates (Table 3).

Table 3. Measured fluorescence lifetime and average photon count
for Odot 585 and Qdot 605 in the absence (“*#) and the presence
(<%= of 15 nm AuNP sitting on the same side of DNA origami.

Qdot 585 Qdot 605
No AuNP with AUNP No AuNP with AUNP
Lifetime, % (ns) 195+1.6 149+0.7 10.9+0.3 95+0.2
Photon count rate, rlal 51+8 36+6 56+ 12 45+ 9
AT (%) 23.6 12.8
AY (%) 29.4 19.6

[a] measured at *1000 Wem™ (1000 photons's™).

In conclusion, using single-particle tracking measurements, we
have measured the optical response of Qdots in proximity to AuNPs
in a variety of geometries, precisely defined by DNA origami
templates. The measurements are made with the constructs in their
native, biologically-relevant, state in solution. Single-particle
tracking measurements allow an unambiguous determination of the
source of variation in the optical responses. The ability to exert
control over the optical properties (lifetime and photon emission
rate) of Qdots is a first step on the way to creating precisely
engineered, optically active nanoscale constructs that can be used
for a wide variety of sensing applications.
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The average photon count and lifetime
of quantum dot (Qdot) have been
controlled by varying the geometrical
configuration of Qdot-AuNP conjugates
on DNA origami. With a 3D real-time
single molecule tracking system, which
allows the DNA constructs to be kept in
their native state in solution, we
determined the influence of AUNPs on
Qdot lifetime. We find that AuNP size,
number, and spacing are important
factors and theory and experiments are
in good agreement.



