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ABSTRACT We produce gold nanoparticle dimers with a surface-

to-surface distance that varies reversibly by a factor of 3 when

hybridizing or removing a single target DNA strand. The dimers are ‘.
built on one DNA template that features a stem-loop enabling the
interparticle distance change. Using electrophoresis, we reach 90%

sample purities and demonstrate that this chemical process is

reversible in solution at room temperature for a low molar excess

of the target DNA strand. The kinetics of the reaction is asymmetric

%‘T\?‘*

s

due to steric hindrance in the stem-loop opening process. Furthermore, a statistical analysis of cryo-electron microscopy measurements allows us to provide

the first quantitative analysis of distance changes in chemically switchable nanoparticle assemblies.
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uilding nanostructures whose shape

and physical properties are sensitive

to their local environment is an essen-
tial step toward novel therapeutic' ~* and
sensing®~? strategies. Thanks to its structur-
al plasticity and the reversibility of its inter-
actions, DNA is a great candidate to build
nanoobjects that are dynamic, reconfigur-
able, and responsive.'® Moreover, the ability
to select and chemically modify each base
of a DNA sequence allows structural control
down to a base-to-base distance of one-
third of a nanometer'' ~'* and unparalleled
conjugation possibilities to inorganic nano-
particles.">~'” An attractive way to translate
the conformational changes of DNA mol-
ecules into macroscopically measurable sig-
nals is to functionalize them with optically
active entities. In particular, electromagne-
tically coupled chromophore pairs have led
to the development of molecular beacons®
and have allowed the study of dynamic 2D
and 3D DNA nanostructures using Forster
resonant energy transfer (FRET).'® 22 Be-
cause of their resonant optical responses,
photostability,”> and photothermal prop-
erties,>** gold nanoparticles (AuNPs) are
an interesting alternative to dye molecules.
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While dynamic AUNP—DNA conjugates have
already been demonstrated in the litera-
ture, 22572 substrate induced aggregation,
sample inhomogeneity and particle non-
sphericity have hindered a quantitative anal-
ysis of their conformational changes. In this
study, we produce the simplest dynamic
AuNP—DNA architecture—particle dimers
linked by a single stem-loop containing
DNA sequence—and demonstrate that a
precise measurement of the interparticle
distance change, when opening the loop,
is possible using cryo-electron microscopy
(cryo-EM). Furthermore, a single-stranded
overhang renders the conformational change
reversible at room temperature, as observed in
electrophoresis. We demonstrate that the ki-
netics of the stem-loop conformation change
in AuNP dimers is asymmetric with a favored
closing step.

RESULTS AND DISCUSSION

We produce dimers of 8 nm diameter
AuNPs in two conformations using a single
dynamic DNA scaffold as described in
Scheme 1. One half of the DNA template
(sequence S) contains a 10 bp stem-loop which
opens when hybridizing a T single-strand.
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The 100 bases-long S sequence can hybridize to a
complementary € DNA molecule over 50 bp. As dis-
cussed in previous reports,?53°~3¢ we use electrophor-
esis to separate 8 nm AuNPs linked to a single trithio-
lated S, C or S+T DNA molecule, yielding structures 1,
2,and 3 of Scheme 1. This technique is compatible with
particles as large as 40 nm in diameter if the length of
the grafted DNA strand increases the hydrodynamic
volume of the conjugate sufficiently for efficient
separation."*> For this reason, sequence C is hybri-
dized over 15 bp to a 100 base-long lengthening
single-strand L prior to electrophoresis to optimize
the purification of monoconjugated AuNPs. 253 Closed
(4) and open (5) dimers are obtained by hybridizing
structures 1+2 and 243, respectively, followed by
electrophoretic purification. Sequences S and C feature
trithiolated modifications at their 5 and 3’ ends,
respectively, in order to minimize the interparticle
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Scheme 1. Dynamic dimer synthesis.
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distance in 4 with a 50 bp double-strand perpendicular
to the dimer axis.>>*¢ A 30 bases-long single strand
overhang in T of S+T is designed to allow the rever-
sible shift between 4 and 5 by adding the complemen-
tary T DNA molecule.”® DNA functionalizations and
subsequent hybridizations are performed in the pres-
ence of charge screening cations (Na™) to compensate
repulsive interactions between negatively charged DNA
molecules and AuNPs.*°~37 Furthermore, to minimize
these electrostatic interactions during the dimer forma-
tion, and to increase the dimer suspension stability,
DNA-functionalized AuNPs are passivated by an excess
of methyl-terminated thiolated ethylene glycol oligomers
prior to electrophoretic purification. 3>’

The modification of hydrodynamic volume and sur-
face charges when opening or closing the loop is
directly visible during electrophoretic purification for
both DNA-conjugated AuNPs and hybridized dimers as
demonstrated on Figure 1. Figure 1a shows the effi-
cient purification of structures 1, 2, and 3 after electro-
phoresis in a 2.5% weight-to-weight agarose gel. The
significantly different electrophoretic mobilities of 1
and 3 demonstrate that all monoconjugated AuNPs
feature either closed or open stem-loops. Structures 4
and 5 also feature different mobilities as shown in
Figure Tb when purifying dimers from remaining single
AuNPs and subpopulations of higher assemblies after
hybridization. The position difference in the agarose
gelis more visible in cross sections along the migration
path (see Figure 1c). Each band on the gel image is
materialized as a peak whose position is related to the

a.u)
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Figure 1. (a) Electrophoretic purification of structures 1, 2, and 3. Band 0 corresponds to unconjugated 8 nm AuNPs and
higher bands to multiconjugated particles. (b) Electrophoretic purification of closed (4) and open (5) dimers. (c) Cross sections

of the two columns of panel b along the migration axis.
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Figure 2. Cryo-EM images of closed (4,a) and open (5,b) 8 nm AuNP dimers at 50 mM NaCl (scale bars = 50 nm, insets
correspond to close-ups). (c) Cryo-EM image of 5 at 1 mM NaCl. (d) Center-to-center distance distributions of 4. (e,f) Center-to-
center distance distributions of 5 for two NaCl concentrations: 50 mM (e) and 1 mM (f). Solid black lines correspond to a
Gaussian fit taking into account the orientation of the dimers with respect to the electron beam.

size and charge of the nanostructure, the fastest
objects being shifted to the right of the plot and the
highest peaks corresponding to dimers. The peak
related to 4 (closed dimer) on the red plot is thus
located at the right of the dimer peak on the blue plot
(5), demonstrating that the conformational change of
dynamic AuNP dimers is directly visible in electrophoresis.

To obtain a quantitative estimation of interparticle
spacings in DNA templated dimers, we image them in
cryo-electron microscopy. This technique allows the
characterization of nanoparticle groupings as they are
in solution without the influence of drying effects or
substrate interactions.>>*#3? Typical cryo-EM images
are shown in Figure 2ab for 4 and 5, respectively,
measured in a 50 mM NaCl solution. This salt concen-
tration is lower than for the preparation of samples 1
through 5 (80 mM NaCl) to minimize particle aggrega-
tion that would impede cryo-EM image analysis.
Furthermore, while cations are necessary for the ther-
modynamic stability of the short DNA loop in 4, 5 can be
studied at low salt concentrations (1 mM) as shown on
Figure 2c. Estimated purities for closed and open dimers
are 92% and 88%, respectively. A statistical analysis
of center-to-center interparticle distances is performed
on 432 dimers (in 80 cryo-EM images) by fitting the
particles with spheres. Distributions for 4 and 5 are given
in Figure 2d—f. Figure 2 thus clearly demonstrates the
significant shape modification induced by hybridizing or
removing a single DNA strand in AuNP dimers.

To obtain the surface-to-surface distance change
between 4 and 5, we need to take into account the
diameter distribution of AuNPs and the angle between
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the electron beam and the sample. Indeed, the vitreous
water film formed on the carbon grid being several
tens of nanometers thick,*®3° a cryo-EM image corre-
sponds to the two-dimensional projection of the three-
dimensional sample as discussed in a previous report.>®
The solid black lines in Figure 2 panels d—f correspond to
Gaussian distributions of the surface-to-surface interpar-
ticle distances convoluted by the diameter distribution
and projected in the plane perpendicular to the electron
beam (see Methods for details). These fits indicate sur-
face-to-surface distances of 5.5 & 1.2 nm for the closed
dimer (4) and 15.5 £+ 2.6 nm for the open dimer (5) at
50 mM Nacl. It is thus possible to design nanoparticle
assemblies in which the interparticle distance varies by
nearly a factor of 3 when adding a single target molecule.

Furthermore, we observe a clear increase of the
distance standard deviation for open dimers. The
rigidity of DNA templated AuNP dimers strongly de-
pends on repulsive electrostatic interactions®*>*° which
are significantly reduced when increasing the inter-
particle distance by a factor of 3. In practice, closed
dimers (4) seem stretched by electrostatic interactions
since the DNA linker is approximately 4 nm long (width
of 2 DNA helices) while the obtained distance in open
form (5) is significantly lower than the size of the DNA
template (17 nm for the length of the S+T 50 bp spacer
and 2 nm for the width of the S+C linker). However,
when studying sample 5 at low ionic strength (1 mM
NaCl) in Figure 2¢f, we observe an increase of the
interparticle distance (17.5 nm) and a reduction of the
standard deviation (1.3 nm). In this case, the obtained
distance is similar to the length of the DNA template,
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Figure 3. (a) Electrophoretic analysis of dynamic 8 nm dimers after incubation with different excesses of T and T'. Side arrows
indicate the position of reference samples of 4 and 5. (b—e) Cross sections along the migration axis of the 8 columns of panel a.

indicating stretched dimers. Increased dimer rigidity
due to stronger repulsive electrostatic interactions at
low ionic strengths thus leads to a narrower distribu-
tion of interparticle distances in sample 5.

Since electrophoresis can indicate the shape of the
dynamic dimers, it can be used to easily test the
efficiency and reversibility of the DNA loop opening.
Plasmon resonance spectroscopy is not applicable in
this case as the interparticle distances in 4 and 5 are
larger than the particle radii and would lead to negli-
gible electromagnetic coupling of the particle reso-
nances.®**>*” In practice, the dimer opening and clos-
ing reactions are both thermodynamically allowed
with an overall gain of 40 and 30 base pairing events
when going from 4 to 5 and vice versa (neglecting
entropy). After incubating 4 and 5 with varying excess
concentrations of Tand T’ (from 4 to 400) for 30 min at
room temperature in 80 mM NaCl, we characterize the
final nanostructures in electrophoresis. Single bands
are observed on Figure 3a for all samples, demonstrat-
ing that DNA loop opening does not alter the synthe-
sized dimers. Furthermore, the electrophoretic mobility
of the obtained samples is included between reference
open and closed dimers indicated by the side arrows
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(columns 1 and 5 corresponding to samples 5 and 4,
respectively). Figure 3b provides the vertical cross
sections for 5 (black solid line), 5 + 400*T’ (dashed
blackline), 4 (red solid line), and 4 + 400*T (red dashed
line). The peaks corresponding to 4 and 5 are nearly
overlaid with 5 + 400*T’ and 4 + 400*T, respectively,
indicating that the reaction is complete and reversible
in both directions. The reversible opening of the DNA
stem-loop was performed successfully 3 times in a row
in different experimental conditions, further confirm-
ing the robustness of the process (see SI).

By reducing the excess of target DNA strands, we
observe that closing the loop is more favorable than
opening it. Figure 3c shows the relative electrophoretic
mobilities of samples 5, 5 + 4*T’ (green dashed line),
5 + 40*T’ (green solid line), and 5 + 400*T'. While the
reaction is complete for 5 + 40*T', 5 + 4*T’ features a
wide peak consistent with a weighted sum of the peaks
corresponding to 4 and 5. This result indicates a mixed
population of open and closed dimers. To further verify
this point, we mix equal amounts of 4 and 5 before
electrophoretic analysis (data not shown). In that case,
we also observe one band, even for long gel runn-
ing times, suggesting that the electrophoretic mobility
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difference between open and closed dimers is beyond
the separation resolution of electrophoresis in these
experimental conditions.

Identical reaction conditions for closed dimers provide
significantly different results in Figure 3d. Indeed, the 4 +
4*T sample (blue dashed line) is nearly overlaid with the
reference 4 sample while the 4 + 40*T (blue solid line)
sample is a combination of open and closed dimers. The
asymmetry in reactivity is clearer in Figure 3e as samples
5 + 4*T' and 4 + 40*T correspond to similar electro-
phoretic mobilities even though a 10 times larger excess
of the target DNA strand is used to open the loop. This
phenomenon is probably due to increased steric hin-
drance in closed dimers when interacting with T, leading
to higher activation energies.

CONCLUSION

In summary, we produced gold nanoparticle
dimers linked by a single dynamic DNA template.

METHODS

General. Citrate coated 8 nm diameter gold nanoparticles
(AuNPs) were purchased from BBInternational (UK). Bis-
(p-sulfonatophenyl)phenylphosphine (BSPP) was obtained from
Strem Chemicals Europe (France). Thiolated, methyl terminated
ethylene glycol oligomers (n = 6) were purchased from Polypure
(Norway). Solvants and other buffer solutions were obtained
from Sigma-Aldrich (USA). PAGE-purified trithiolated DNA se-
quences were purchased from Fidelity Systems, Inc. (USA).
PAGE-purified unmodified DNA sequences were obtained from
Integrated DNA Technologies Europe (Belgium). All chemicals
were used as received without further purification. The different
DNA sequences, designed to minimize nonspecific interactions,
are the following:

S:  5'-trithiol-GGCTTACATGAGGAGCTAGGATACTTCCTGT-
GAAGGTAACTAGCTCCTC TGCACGAAACCTGG ACACCCCTAAG-
CAACTCCGTATCAGATGGGAACAGCA-3’

C: 5'-TGCTGTTCCCATCTGATACGGAGTTGCTTAGGGGTGTC-
CAGGTTTCGTGC-trithiol-3'

L: 5-ATCCTGACATCGGCATTTTTTTTTTTTITITTITITTTTTTITTT-
TTTTTTTTTTTTTTITIT TITTTTTTTTTTTT 70T TITTTTTTGTGCTGTTCC-
CATCTG-3'

T: 5-TACGATAGTGGTATGATCGCTAGATCCGCAAGAGGAGC-
TAGTTACCTTCACAG GAAGTATCCTAGCTCCT CATGTAAGCC-3'

Synthesis of Gold Nanoparticle/DNA Conjugates. AuNPs are coated
with BSPP following published procedures.3*~3¢ The final AuNP
concentration is of the order of 1 pmol/uL.

To prepare structures 2 and 3, C+L and S+T thiolated DNA
molecules are hybridized by mixing 16 pmol of C (respectively
12 pmol of S) with a 2-fold excess of L (respectively T) in a
125 mM NaCl solution with a final 8 uL volume. The solution is
heated at 80 °C and left to cool to room temperature overnight.
A 3 ul of aliquot of 8 nm AuNPs solution are added to the C+L
and S+T solutions as well as a 10 uL solution of S (12 pmol in
125 mM Nadl) for structure 1. All solutions are left to incubate
overnight at room temperature. The final volume is 12.5 uL with
80 mM NaCl and 10 mM BSPP final concentrations. The added
BSPP is used as a reducing agent to minimize oxidation of the
thiol moieties.> Surface passivation of the gold particle surface
is obtained by incubating for 30 min a 50 000 excess of thiolated
ethylene glycol oligomers®>*” prior to electrophoretic purifica-
tion in 2.5% agarose gels (Ficoll 400, 20% solution as loading
buffer and 0.5x Tris-Borate-EDTA as running buffer). The gels are
run at 8 V/cm for about 1 h before obtaining the results shown
on Figure 1a of the manuscript. The extraction procedure is

LERMUSIAUX ET AL.

The interparticle distance varies reversibly by a
factor of 3 in mild experimental conditions and for
a low molar excess of the target DNA strand when
opening the stem-loop. Combined with the optical
properties of gold nanoparticles at their plasmon
resonance, the 10 nm interparticle distance change
provides numerous opportunities for the design
of biochemical sensors, down to the single mol-
ecule level, and chemically switchable photother-
mal agents. In particular, our fabrication procedure
is compatible with AuNPs up to 40 nm diameters
that provide significant optical absorption and scat-
tering cross sections."*3® Furthermore, the design
of the DNA template is flexible as the single-
stranded overhang, necessary for the kinetically favored
dimer closing step, is independent of the rest of the
scaffold and can include an aptamer sequence®’
to be sensitive to a broad range of (bio)chemical
analytes.

done following published protocols,> and the sample is con-
centrated by centrifugation.

Synthesis, Purification, And Reversible Switching of Particle Dimers.
Stoichiometric amounts of 2 and 1 or 3 (~100 nM solutions) are
mixed in 80 mM NaCl before being heated up to 50 °C and left to
cool overnight to yield 4 and 5 (final volume ~10—15 uL). The
samples are then electrophoretically purified in 2% agarose gels
(Figure 1b). The bands are cut from the gel and the groupings
are eluted in running buffer. Suspensions of 4 and 5 are stored
in running buffer at 4 °C before Cryo-EM measurements or
dimer opening/closing experiments.

The dimer switching experiments analyzed in Figure 3 are
performed as follows: dimer suspensions of 4 and 5 are mixed,
respectively, with varying excesses (4, 40, or 400) of Tand T’ in
80 mM NaCl for 30 min (~10—15 uL final volume). The samples
are then analyzed in a 2% agarose electrophoresis gel. Protocols
for the three-time consecutive dimer switching experiment are
given in the Supporting Information.

Cryo-EM Characterization. The samples are observed with trans-
mission electron microscopy in a cryogenic environment. The
experimental procedures of the Cryo-EM sample preparation
are described elsewhere.®® The particle diameter distribution is
estimated by fitting the AuNPs with a circle on the cryo-EM
images. The distribution (based on 841 single particles) is
plotted in Figure S2 of the Supporting Information along with
a Gaussian fit corresponding to an 8.5 nm average diameter and
a +0.6 nm standard deviation. The measured distributions of
interparticle distances given in Figure 2 are obtained by analyz-
ing the cryo-EM images and estimating the center-to-center
distance between two circles that best fit the AuNPs. The
distributions on Figures 2d, 2e, and 2f were estimated on 236,
132, and 64 dimers, respectively. The widths of the distributions
arise from three contributions: distribution of particle dia-
meters, distribution of interparticle gaps, and projection of
the dimer axis on the plane perpendicular to the electron
beam.3* The distributions of interparticle gaps, s, need to be
estimated to understand the geometries of the DNA linkers. If [ is
the interparticle distance (sum of s and the diameter of the
AuNPs) and | the measured projected distance, then the
distribution of | can be expressed as

+ oo

D, (1) :/ D D) ———al
I

~2

P -1

D(() is the convolution of the unknown gap distribution with the
diameter distribution given in Supporting Information Figure S2
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