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ABSTRACT The nanometer-scale sensitivity of electromagnetic
plasmon coupling allows the translation of minute morphological
changes in nanostructures into macroscopic optical signals. We
demonstrate here a widefield spectral analysis of 40 nm diameter gold
nanoparticle (AuNP) dimers, linked by a short DNA double strand, using

a low-cost color (CD camera and allowing a quantitative estimation of
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interparticle distances in a 3—20 nm range. This analysis can be

extended to lower spacings and a parallel monitoring of dimer
orientations by performing a simple polarization analysis. Our mea-
surement approach is calibrated against confocal scattering spectros-

copy using AuNP dimers that are distorted from a stretched geometry at
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low ionic strength to touching particles at high salt concentrations. We then apply it to identify dimers featuring two different conformations of the same

DNA template and discuss the parallel colorimetric sensing of short sequence-specific DNA single strands using dynamic plasmon rulers.

KEYWORDS: plasmon ruler - DNA self-assembly - dynamic nanostructures - widefield spectroscopy - darkfield microscopy -

colorimetric sensing

he distance-dependent plasmon
resonances of gold nanoparticle
(AuNP) groupings have allowed the
development of biochemical colorimetric
sensors' > and molecular rulers.** Individ-
ual AuNP dimers are particularly attractive
to optically monitor single biochemical
events (such as the cutting, shrinking, or
bending of oligonucleotides and proteins)
in order to follow conformational changes
in biomolecules®™® or to sense specific
analytes down to femtomolar concentra-
tions.'®"'* Indeed, the relationship between
the interparticle distance and the longitu-
dinal plasmon resonance of the dimer,
as calibrated using confocal scattering
spectroscopy and expected from electrody-
namic calculations,>'® is sensitive at the
nanometer scale for distances lower than
the particle radii.'®
Another appealing feature of gold nano-
particle groupings is that, for AUNPs with
diameters larger than 30 nm, they are easily
visible by eye or with a low-cost color CCD
detector in darkfield microscopy, using a
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simple white light excitation.* Furthermore,
single particles, dimers, and multimers can
easily be discriminated in this configuration,
allowing the parallel analysis of dimer
formation*>"'" and disassembly,®”'* as well
as complex clustering mechanisms in
membranes.'”~"? In this report, we demon-
strate that darkfield imaging can also pro-
vide a quantitative estimation of inter-
particle distances and distinguish AuNP
dimers exhibiting two different conforma-
tions of the same DNA linker.

In practice, purified suspensions of 40 nm
gold particle dimers are obtained using
electrophoretic separation. These dimers
feature preferentially one DNA linker due
to a minimization of the oligonucleotide
surface coverage. A hairpin loop on the
DNA scaffold allows it to switch between
two conformations as we recently verified in
8 nm diameter AuNP dimers.® By introdu-
cing these AuNP groupings in homemade
microfluidic chambers, we can image sev-
eral tens of dimers in parallel using darkfield
microscopy, with a sample purity reaching
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80%. To calibrate the spectral response measured on a
color CCD camera with respect to confocal scattering
spectroscopy and interparticle distances, we analyze the
conformational change of dimers when modifying the
local ionic strength. We observe two distortion scenarios
depending on the incubation kinetics at high salt con-
centrations: the dimers can reach touching or interpe-
netrating surface chemistries of the two gold particles.

This experimental method allows us to provide a
widefield estimation of interparticle distances and
dimer orientations, as well as a discrimination between
dimers with an open or closed hairpin loop. It also
provides information on the stability and sensitivity of
AuNP dimers with respect to the local ionic strength.
We discuss these parameters that are essential for the
applicability of dynamic plasmon rulers in colorimetric
sensing, by optically monitoring the opening and clos-
ing of the DNA hairpin loop in AuNP dimers when
introducing the complementary nucleotide sequences.

RESULTS AND DISCUSSION

Synthesis and Purification of AuNP Dimers. Agarose gel
electrophoresis is a powerful technique to purify gold
nanoparticles, with diameters lower than 20 nm, co-
valently attached to a known number of thiolated
DNA single strands' and, after hybridization of com-
plementary sequences, of well-defined 2D and 3D
AuNP groupings.??~2> By passivating the particle sur-
face with short thiolated ethylene glycol oligomers®
and lengthening the grafted DNA with extra single
strands,?® this approach can be extended to 40 nm
diameter gold particles.'® However, the added strands,
used to effectively lengthen the DNA grafted on the
AuNP, strongly increase the cost and reduce the yield
of the assembly process. Here, we propose a simplified
approach to produce 40 nm AuNP dimers featuring
preferentially a single DNA double-stranded linker. In
practice, we reduce the amount of thiolated DNA
strands, left to incubate with the AuNPs, in order to
only produce dimers after hybridization of particles
with complementary single-strand sequences. To re-
move all unreacted thiolated DNA strands, or oligonu-
cleotides electrostatically attached to the particle
surface,”® we purify the functionalized AuNPs in a first
electrophoresis step (shown in Figure S1 of the Support-
ing Information, Sl). Furthermore, the electrostatic at-
tachment of the thiolated DNA strands on the particles
is minimized by adding a large excess of a 100 bases
long polythymine strand in the reaction mix.

Figure 1a shows the agarose gel purification of
40 nm AuNP groupings, linked by short DNA scaffolds
containing two 50 bp DNA double strands for different
DNA concentrations and for two reaction times (12 h
for columns 7—10 and 120 h for columns 3—6). Col-
umns 1 and 2 correspond to reference 40 nm AuNPs
with the two surface chemistries used here: a thiolated
ethylene glycol oligomer (column 1) and a mix of this
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ligand and a longer thiolated ethylene glycol oligomer
featuring a biotin moiety to graft one AuNP of the
dimers on the functionalized glass slides of the micro-
fluidic chamber.”> The longer biotinylated ligand
induces an increase of the AuNP hydrodynamic
volume and, thus, a lower electrophoretic mobility.
As described in a previous report,*® the DNA scaf-
fold features two 50 bp DNA double strands: one, used
to link the particles of the dimer, is perpendicular to the
dimer axis; the second, parallel to the dimer axis,
contains a hairpin loop that is open in this double-
stranded configuration. This scaffold is built using
three DNA single strands: a 5’ trithiolated 104 bases
long S strand contains the stem-loop (20 bp stem and
4 bases long loop); a 3’ trithiolated 50 bases-long
C strand that is complementary to the 3’ end of S;
and an 80 bases long T strand that hybridizes with the
stem-loop of S and features a 30 bases overhang to
be removed when introducing its complementary
sequence (see Figure S1 for details). All DNA sequences
and the geometry of the DNA scaffold are given in SI.
We use trithiol moieties instead of monothiol groups
on the DNA strand to optimize the enthalpic stability of
the DNA—AuUNP link.®'*?” The DNA-functionalized
AuNPs, used to form groupings, are obtained by
incubating particles with S, C, or S4+T (strands hy-
bridized prior to the conjugation). Samples purified in
columns 3—6 are obtained with the same functiona-
lized AuNPs (C and S+T) incubated in 40 mM NaCl than
samples in columns 7—10 but for a 10x longer incuba-
tion time. The DNA concentrations are progressively
increased by a factor of 2 between columns 3 (res-
pectively 7) and 4 (respectively 8); 4 (respectively 8) and
5 (respectively 9); as well as 5 (respectively 9) and 6
(respectively 10). The initial excess DNA concentration
in lane 3, with respect to the AuNP concentration, is
5x for S+T and 12.5x for C. With 8 nm particles (for
which the DNA coverage can be estimated in elec-
trophoresis), a 5x DNA excess corresponds preferen-
tially to AUNPs featuring one strand per particle.?®
The fastest band in Figure 1a corresponds to un-
reacted AuNPs. The electrophoretic mobility of un-
reacted particles is similar (columns 3—4 and 7—8) or
lower (columns 5—6 and 9—10) than the reference
lanes. This result, which is also observed during the
initial purification of the monomers (Figure S1), indi-
cates the increased average number of thiolated DNA
strands attached per particle for larger DNA concentra-
tions. The second fastest band corresponds to as-
sembled AuNP dimers. This is verified by analyzing
these samples in cryo-electron microscopy images, as
shown on Figure 1b and was discussed in previous
reports.>'® Bands that are slower than the dimer band
correspond to larger groupings: trimers, quadrimers, etc.
We observe that the relative density and the elec-
trophoretic mobility of the dimer bands change when
we modify the DNA concentration and, therefore, the
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Figure 1. (a) Electrophoretic purification of 40 nm AuNP dimers featuring an open hairpin loop. Lanes 1 and 2 correspond to
reference samples with isolated particles featuring the two different surface chemistries. Lanes 3—6 and 7—10 correspond to
the same sample concentrations but with a 10x longer incubation time for 3—6. See text for details. (b) Examples of cryo-EM
images obtained with the second fastest band of lane 7 (scale bar is 50 nm). (c) Darkfield image of dimers from lane 7 after
incubation in Neutravidin-coated microfluidic chambers (scale bar is 5 m). The typical response of a dimer is circled in red,
compared to a single 40 nm AuNP (blue) and a larger grouping (yellow). (d) Schematic representation of AuNP dimers,
attached to the glass coverslip by biotin/Neutravidin, going from a stretched geometry to touching particles when the NaCl
concentration is increased. Typical evolution of the scattering spectrum (e) and of the darkfield image (f) for a single dimer
when the salt concentration is increased: 50 mM (red), 100 mM (black), 200 mM (purple), 400 mM (green), and 800 mM (blue).

DNA coverage of the AuNPs. Indeed, the amount of
dimers obtained in lanes 9 and 10 is significantly larger
than that in lane 7. Furthermore, the dimers obtained
in column 10 have electrophoretic mobilities signifi-
cantly lower than the ones in lanes 7 and 8, indicating
that they feature a large amount of unhybridized
DNA strands on the particle surfaces. The association
of unreacted particles and available DNA strands on
their surface demonstrates that the reaction is still in
progress after a 12 h incubation time (lanes 7—10).
When comparing lanes with identical building
blocks (for instance, lanes 6 and 10), we observe a
strong increase in the production of groupings larger
than dimers for a 10x larger incubation time. In
particular, lane 6 features groupings that are too large
to diffuse in the gel and practically no unreacted
AuNPs. This evolution is much weaker when compar-
ing lanes 3 and 7 for which the majority of particles stay
unreacted and where only a dimer band is clearly
visible. By comparing lanes 6 and 7, we observe that
an 8x increase of the DNA concentration and a 10x
increase of the reaction time turns the sample from
isolated particles with a few dimers to large DNA-
templated groupings. Overall, we observe, as in the
case of 8 nm particles, that a weak (5x) excess of the
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S+T trithiolated strand leads to the formation of
dimers preferentially linked by one DNA strand.
Furthermore, the 2.5 larger excess of C means that
most unreacted strands on the particle surface will not
carry the structural information on the hairpin loop. In
the following optical experiments, the studied dimers
are obtained with the protocol followed in lane 7.

When comparing lanes 3—6 and 7—10, we also
observe that the electrophoretic mobility of the group-
ings is lower after a longer incubation time. This can
arise from the limited stability of the monothiolated
ethylene glycol passivating layer on the particles that
minimizes nonspecific interactions between the AUNPs
and the agarose gel. This is why all optical experiments
are performed within 1 week of the dimer synthesis
and purification.

Darkfield Spectroscopy. Figure 1c shows a darkfield
image of 40 nm AuNP dimers incubated in Neutravidin-
coated microfluidic flow chambers in a Tris pH = 8
buffer solution containing 25 mM of NaCl. These
groupings, obtained from lane 7, feature a double-
stranded S+T scaffold, corresponding to an open
hairpin loop, as represented on Figure 1d. Since dimers
(circled in red) can be easily discriminated from single
particles (blue circle) or larger groupings (example in
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yellow) in these large fields of views,'>'? it is possible to

estimate the dimer purity, which is typically 80% in
these experiments. The darkfield signal from isolated
dimers can be spatially filtered using a 50 um multi-
mode fiber before reaching an imaging spectrometer
to obtain a confocal scattering spectrum as shown on
Figure 1e. This spectrum is dominated by the longi-
tudinal plasmon resonance of the dimer.>'> For each
dimer, we associate this spectrum to the darkfield
image obtained on a low-cost color CCD camera, as
shown on Figure 1f.

The longitudinal resonance wavelength of AuNP
dimers is sensitive to the interparticle distance at the
nanometer scale.>'® In DNA-templated groupings, the
interparticle distance is strongly influenced by the
repulsive electrostatic interactions between AuNPs
and, therefore, on the concentration of Na™ cations
that screen them and reduce the persistence length
of the DNA double strands.'®'>?%?® At low ionic
strengths, DNA-linked dimers feature a stretched geom-
etry where the interparticle distance is in good
agreement with the length of the DNA template and
of the thiolated groups.”>?° Figure 1d provides a
schematic representation of a dimer going from a
stretched shape to touching particles in the presence
of cations.

When increasing the NaCl concentration in the
buffer solution of the flow chamber by factors of 2 up
to 800 mM, we observe in Figure 1e a strong red shift
for the plasmon resonance of a given dimer from 555
to 600 nm. These measurements are performed after a
short 10 min incubation time at each salt concentra-
tion. This resonance change cannot be accounted for
from the small change in refractive index when in-
creasing the salt concentration (An < 8 x 10~3) that, for
40 nm AuNP dimers with an initial resonance at
555 nm, would lead to a wavelength shift much lower
than 1 nm."® The strong salt-induced red shift that is
also clearly visible in the CCD images of Figure 1f is due
to a reduction of the interparticle distance when
repulsive electrostatic interactions are screened.

The progressive red shift observed in Figure 1e is
the typical behavior observed in the studied dimers
(about 60% of our measurements). Other common
occurrences are given in Figure S2: a progressive red
shift but with a secondary peak around 540 nm that
could arise from a strong transverse mode (around
15%); a nearly constant resonance wavelength at low
ionic strength that strongly red shifts at a high NaCl
concentration (20%); finally, in a few cases (less than
5%), the resonance wavelength can blue shift or red
shift when the salt concentration is increased, in
a seemingly uncorrelated way. Measurements were
performed on 50 different dimers. Because a few
dimers detach from the surface or disassemble dur-
ing the consecutive measurements, and because the
longitudinal mode from several groupings cannot be
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properly fitted with a Lorentzian function to estimate
the resonance wavelength, we perform a statistical
analysis on 41 dimers in Figure 2a.

Parallel Morphological Analysis of Particle Dimers. Mea-
surements associating the scattering spectrum of
40 nm AuNP dimers to their image on a color CCD
camera were performed on several thousand group-
ings and allow us to properly calibrate the hue of the
CCD HSV color space to a corresponding resonance
wavelength. The calibration curve is obtained by plot-
ting the resonance wavelength of dimers with respect
to the average hue of the 185 pixels corresponding to
their diffraction-limited image. Figure 2b is a 2D dis-
tribution of (hue, resonance wavelength) occurrences
in logarithmic scale, estimated on 6460 measurements
of single dimers. The (hue, resonance wavelength)
occurrences are integrated over a Ahue of 0.02 and a
AZ of 0.8 nm. The average resonance wavelength for a
given hue +0.015 is given in Figure 2b with the
standard error. This curve is fitted by a polynomial
function (white solid line in Figure 2a) that we use as a
calibration function to estimate single dimer reso-
nance wavelengths from hue values measured on
the color camera.

Using this phenomenological relationship, we
compare in Figure 2d the average resonance wave-
lengths of the 41 aforementioned dimers, measured by
confocal scattering spectroscopy, with the correspond-
ing value estimated from the CCD hue at different salt
concentrations. We observe a quantitative agreement
within the experimental standard error. These curves
are given as a logarithmic scale of the ionic strength
because of the 2x increase in NaCl concentration
between each consecutive measurement from 25 to
800 mM. Compared to confocal scattering spectros-
copy or previously reported multispectral imaging
techniques,'® this hue-based approach does not
require any scanning of the sample or of the excitation
wavelength. Furthermore, it is compatible with low-
cost color cameras. However, the calibrated relation-
ship between the resonance wavelength and the CCD
hue is only valid for 40 nm AuNP dimers or for samples
with similar resonance line widths.

To translate the spectral measurements of Figure 2d
into morphological information on the AuNP dimers,
we use generalized Mie theory (GMT) calculations. A
previous study of the scattering response from DNA-
linked 36 nm diameter AuNP dimers with the same
surface chemistry on Neutravidin-coated glass cover-
slips showed that GMT calculations with an average
n = 1.4 dielectric environment were in good agreement
with experimental plasmon resonance wavelengths.'?
The estimated evolution of the longitudinal resonance
wavelength as a function of the surface-to-surface
distance is given in Figure 2e for 39 nm gold spheres
(corresponding to the average diameter of particles in
this study), using the bulk refractive index of gold.*®

VOL.9 = NO.1 = 978-990 = 2015 F@L@Mi{\)

WWwWW.acsnano.org

981



Q
o33

530 540 550 560 570 580 590 600 610 620

=N
oo

o

530 540 550 560 570 580 590 600 610 620

=N
Soco

530 540 550 560 570 580 590 600 610 620

—N
Soo
——

—
530 540 550 560 570 580 590 600 610 620

Number of dimers

=N
Soo

530 540 550 560 570 580 590 600 610 620

=N
Soo
—

Wavelength (nm)
620 @ 660

o

)
(o))
8

v
©
o

w
o)
o

Wavelength (nm

540

P 540

530 540 550 560 570 580 590 600 610 620 005 0.1 015 02

Hue

640

1.2 630l
IS 620%&
610

=
600 EH%
o0 3

£'5%

0.6 E) 580

04 770
= 560 T
0.2 550
540

0
0.25 03 0.35 0.05 0.1 0.15 0.2 0.25 03 035
Hue

m) =h
&

20

Interparticle distance (n

o

0’ 10° 0 5
NaCl concentration (mM)

10

Interparticle distance d (nm)

2 3

15 20 25 10 . 10
NaCl concentration (mM)

Figure 2. (a) Distribution of longitudinal resonance wavelengths for 40 nm AuNP dimers with an open S+T DNA scaffold at
NaCl concentrations increasing, by factors of 2, from 25 to 800 mM (from top to bottom, bin width is 5 nm). (b) Distribution of
(hue, resonance wavelength) occurrences in logarithmic scale with the calibration curve (white solid line). (c) Average
resonance wavelength values for different hue estimations. Error bars correspond to the standard error. (d) Evolution of the
average plasmon resonance wavelength when varying the salt concentration, using confocal scattering spectra (solid lines) or
the calibrated CCD (dashed lines). (e) Theoretical evolution of the longitudinal plasmon resonance wavelength of 39 nm gold
spheres estimated in generalized Mie theory for n = 1.4. The solid line is a biexponential fit. (f) Evolution of the estimated
interparticle distances when varying the salt concentration, using confocal scattering spectra (solid lines) or the calibrated
CCD (dashed lines). The error bar for the distance is obtained by estimating the spacing for the average wavelength plus or

minus the standard wavelength error (see Sl for details).

The numerical values are fitted by a biexponential
function that we use as a calibration curve.

Using this relationship, we estimate average inter-
particle distances in Figure 2f from the measurements
of Figure 2d. As discussed in previous studies,’>?° the
dimers feature stretched geometries at low ionic
strengths (25—50 mM NaCl): the 20 nm initial inter-
particle distance is in good agreement with the
17.5 nm 50 bp DNA spacer added to the 2 nm width
of the perpendicular DNA strand linking the two
particles and the 1 nm long trithiolated moieties.

As the salt concentration is increased, we observe a
progressive decrease of the interparticle distance with
a quantitative agreement between spectral measure-
ments performed in confocal spectroscopy and on the
calibrated color camera. This demonstrates the possi-
bility to measure in parallel, on a low-cost detector, the
nanometer-scale distance between gold particles in a
3—20 nm range. The 3 nm estimated gap at 800 mM
NaCl corresponds to the lengths of the surface che-
mistries on both particles. This indicates that, at high
ionic strength, the interparticle distance is governed by
the particle surface chemistry and seems independent
of the linking DNA scaffold. Furthermore, since
the lowest observed spacing corresponds to touching
surface chemistries, the ethylene glycol passivat-
ing layer provides a good steric protection against
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aggregation in these experimental conditions with
short incubation times.

Long-Term Stability of Gold Nanoparticle Groupings. To
further understand the sensitivity of DNA-templated
AuNP groupings to the local ionic strength, we analyze
the evolution of the average resonance wavelength of
dimers for increasing NaCl concentrations with long
incubation times (10 h). In this case, we do not follow
the evolution of the same subpopulation of dimers in
one sample, as in Figure 2, but study different micro-
fluidic chambers obtained with the same purified
dimer suspension and left to incubate in different
salt-containing buffer solutions. The histograms of
resonance wavelengths measured by confocal scatter-
ing spectroscopy are given in Figure 3a, with a total of
524 dimers for all six measurements. We observe that,
for NaCl concentrations larger than 200 mM, the long-
itudinal resonance wavelength can reach 680 nm.
A typical scattering spectrum with such red-shifted
resonances is given in Figure 3b; we observe the
longitudinal mode at 682 nm along with the blue-
shifted transverse mode around 547 nm.

The average resonance wavelengths estimated by
confocal spectroscopy and with the calibrated CCD
camera are given in Figure 3c along with the values
obtained with a 10 min incubation time. The cor-
responding interparticle distances, estimated from
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Figure 3. (a) Distribution of longitudinal resonance wavelengths for 40 nm AuNP dimers with an open S+T DNA scaffold at
NaCl concentrations increasing, by factors of 2, from 25 to 800 mM after a 10 h incubation (from top to bottom, bin width is
5 nm). (b) Example of a scattering spectrum for an aggregated dimer with clearly separated transverse and longitudinal
modes. Inset: image on the color CCD camera. Evolutions of the average plasmon resonance wavelength (c) and estimated
interparticle distances (d) when varying the salt concentration with a 10 h (blue data) or a 10 min (black data) incubation time,
using confocal scattering spectra (solid lines) or the calibrated CCD (dashed lines).

GMT calculations, are given in Figure 3d. We observe
that, for NaCl concentrations lower than 100 mM, the
measured resonance wavelengths and corresponding
interparticle distances are independent of the incuba-
tion time. This indicates that AuNP dimers should
be stable at these salt concentrations. However, we
observe a drastic red shift of the optical responses
when the ionic strength is larger, with interparticle
spacings below 3 nm. For high NaCl concentrations,
where the AuNPs are initially close to touching surface
chemistries, interaction kinetics thus play an important
role as the passivating ligands can interpenetrate at
long incubation times. The estimated spacings then
reach values close to 1 nm where our GMT calculations
are not quantitative because of nonlocal effects.3%3
We can however conclude that, with longitudinal
resonance wavelengths around 650 nm, the dimers
are irreversibly aggregated. This means that, when
rinsing the microfluidic chamber with a low-salt con-
taining buffer solution, the dimers maintain their sub-
3 nm interparticle distance.

The 200 mM NaCl experiment appears to be a
transition where only a limited number of dimers are
aggregated with a large distribution of resonance
wavelengths in Figure 3a. This is also the ionic strength
above which the CCD hue does not provide a quanti-
tative estimation of the plasmon resonance and, there-
fore, of the interparticle gap. We only observe
qualitatively that an increased ionic strength leads to
a resonance red shift and shorter particle gaps. In
practice, the calibrated hue provides an underesti-
mated wavelength and overestimated distance. This
is due to the wavelength dependence of the detector
quantum yield which is accounted for in confocal
spectra (for instance in Figure 3b) but not in the CCD
spectral estimation. Color CCDs are developed to have
a sensitivity similar to the human eye: maximum
around 500—550 nm and significantly weaker at
650 nm. In our case, the quantum yield for the long-
itudinal peak at 682 nm of Figure 3b is four times lower
than for the transverse peak. This is why the CCD image
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features a mix of green and red. The validity of the CCD
hue to estimate the plasmon resonance wavelength
could be extended to red and near-infrared frequen-
cies by using a nonstandard definition of the hue
in which the intensity of the green pixels is corrected
for the higher detector quantum yield at 500 nm or
by using a deep-depleted camera with a weakly
wavelength-dependent quantum yield over the visible
to near-IR spectrum. Another possibility is to minimize
scattering from the transverse mode using a polariza-
tion analysis.

Dimer Orientation and Interparticle Distance Imaging. Po-
larization-dependent scattering spectroscopy is a
powerful tool to analyze the optical properties of AUNP
dimers®® but also more complex 2D and 3D AuNP
groupings.3? In our experimental conditions, the con-
jugation geometry of the AUNP dimers on Neutravidin-
functionalized glass slides favors an out-of-plane
orientation (see Figure 1d) because only one particle
features biotin groups and the other has repulsive
electrostatic interactions with the negatively charged
albumin-coated surface. However, previous polarization-
resolved measurements demonstrated that the particles
have a partial in-plane orientation.®3* Furthermore,
electrostatic repulsions are screened at high ionic
strengths. By adding a polarizer in the detection path
of the darkfield microscope, we indeed observe a
strong in-plane optical anisotropy from the scattering
response of a single aggregated dimer in Figure 4a.
The imaged scattered light goes from green (cor-
responding to the transverse mode of the dimer) to
red (longitudinal dimer mode).

We introduce a polarization filter in the collection
and not the excitation path of the microscope because
the high numerical aperture (NA) of the darkfield
condenser, with an unpolarized white light, produces
a complex combination of in-plane and out-of-plane
polarizations on the sample. On the other hand,
the low 0.6 NA collection objective ensures that the
polarization analysis is only sensitive to the in-plane
orientation of the AuNP dimers.
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Figure 4b shows the effective wavelength esti-
mated from the CCD hue with respect to the orienta-
tion ¢ of the analyzing polarizer. ¢ = 0 corresponds to
the orientation of the liquid flow in the microfluidic
chamber. This effective wavelength only corresponds
to the resonance of the longitudinal and transverse
modes when the polarizer is parallel or perpendicular
to the in-plane axis of the AuNP dimer. For intermedi-
ate orientations, the effective wavelength only reflects
the relative strengths of the two resonances. If @4im
is the in-plane orientation of the dimer, then, in a
dipolar approximation, the light intensity scattered
by the longitudinal and transverse modes should have
cos’(¢p — @gim) and sin’(¢p — @gm) dependencies,
respectively.>*

With /. and K, the scattered intensities of the long-
itudinal and transverse modes collected by the micro-
scope objective, respectively, the measured intensity
should vary as It + (I, — I)cos®(¢ — @gim). In practice,
we phenomenologically observe that this cosine
square dependence of the intensity translates into a
cos?(¢p — @qim) Variation of the hue-estimated wave-
length that can be fitted to provide the in-plane
orientation, @g4im, of each dimer. In less than 15% of
the studied groupings, we do not observe this cosine
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square dependence which can arise from the analysis
of a trimer or from a strongly nonspherical particle in
dimers. The histogram of in-plane orientations studied
in 91 dimers is given in Figure 4c and indicates an
isotropic distribution of dimer angles.

This polarization analysis of color CCD images thus
provides both the in-plane orientation of the dimer
and a good estimation of its longitudinal resonance.
Figure 4d shows a darkfield image of 40 nm AuNP
dimers incubated at 800 mM NaCl with a 10 h incuba-
tion time for a given polarizer orientation. On each
grouping whose polarization-dependent hue could be
fitted by a cosine function, we superimpose the in-
plane dimer axis, indicating once more an isotropic
orientation of the groupings. This shows that a parallel
imaging of dimer orientations is possible with a simple
color CCD and confirms the high dimer purity of our
electrophoretically separated suspension of AuNP
groupings.

The estimation of longitudinal resonance wave-
lengths also allows us to associate an interparticle
distance to each dimer, as shown in Figure 4e. We
observe that a widefield imaging of interparticle
distances, even close to 1 nm, is possible with a calibra-
ted color camera. Most dimers are aggregated with
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Figure 5. Schematic representations of open (a, S+T DNA scaffold) and closed (b, S strand alone) AuNP dimers. Evolutions of
the average plasmon resonance wavelength (c) and estimated interparticle distances (d) for open dimers (blue data) and
closed dimers (red data), when varying the NaCl concentration between 5 and 400 mM with a 10 h incubation time, using
confocal scattering spectra (solid lines) or the calibrated CCD (dashed lines).

distances around 1 nm, while a subpopulation of
groupings features spacings corresponding to partially
interpenetrating surface chemistries (gaps between
2 and 3 nm). We also observe a few dimers with
distances in a 6—8 nm range, indicating that non-
specific interactions with the substrate or the DNA
scaffold limited the grouping distortion and did not
allow the particles to touch.

In this measurement, the estimated interparticle
distances are not fully quantitative for two reasons:
variations of the AuNP diameter from one grouping to
another are neglected and the electrodynamic GMT
calculations do not account for nonlocal effects that
occur for spacings below 1 nm.3%" However, this
widefield polarization analysis provides information
on the level and homogeneity of salt-induced particle
aggregation in DNA-templated AuNP dimers.

Optical Characterization of the DNA Scaffold Conformation.
As discussed previously, the morphology of DNA-
linked gold particle dimers is very sensitive to the size
of the biochemical scaffold at low ionic strength while,
at high salt concentrations, the interparticle distance
seems to be governed by the interaction of the AuNP
surface chemistries. The applicability of these nano-
structures as quantitative molecular rulers will there-
fore be strongly dependent on the experimental
conditions. To prove that a simple widefield optical
measurement allows the differentiation between
dimers featuring two conformations of the same DNA
template, we compare the results obtained above, for a
fully hybridized scaffold, to measurements performed
without the T single strand for which the hairpin loop
in S should be closed. The geometries of the open and
closed DNA-linked dimers are schematically given in
Figure 5a,b.

AuNP dimers are synthesized following the same
protocol used to obtain the groupings of column 7 in
Figure 1a, except the nonbiotin featuring 40 nm par-
ticle is conjugated with the trithiolated S strand alone.
It should therefore adopt a secondary hairpin loop
architecture with a 20 bp stem. Figure 5c presents the
evolution of the longitudinal resonance wavelength of
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closed dimers, measured on 852 groupings aftera 10 h
incubation time, at increasing salt concentrations,
compared to the values obtained with an open scaf-
fold. Using the same GMT data for 39 nm AuNPs in a
n = 1.4 environment, we translate these spectral
measurements in interparticle distances in Figure 5d.

We observe that the closed dimers follow a similar
red-shifted variation of their resonance wavelength
when increasing the ionic strength and aggregate
for NaCl concentrations larger than 200 mM. Impor-
tantly, the samples provide significantly different op-
tical responses for NaCl concentrations lower than
200 mM as verified in the confocal spectra. The reso-
nance wavelength difference reaches 9.5 nm, corre-
sponding to a 7.5 nm shorter interparticle distance,
at 50 mM NaCl. Furthermore, the morphological differ-
ence is clearly visible on the calibrated CCD measure-
ments, making the optical distinction possible in a
simple widefield darkfield image.

For salt concentrations higher than 200 mM, it is not
possible to optically differentiate dimers featuring a
closed S or open S+T scaffold as the grouping mor-
phology is governed by short-distance interactions
between the AuNP surface chemistries and not the
geometry of the DNA linker. As in Figure 3, the CCD
estimation of the interparticle distances for aggre-
gated dimers is underestimated because the trans-
verse plasmon mode is visible on the measured hue.

Compared to interparticle distances measured in
cryo-electron microscopy with 8 nm AuNPs at 50 mM
NaCl with a similar DNA scaffold, we observe in
Figure 5d longer spacings: while the 18 £+ 1.5 nm
optically estimated value for the open geometry is
close to the 15.5 nm distance found in electron micro-
scopy, the 10 = 0.5 nm spacing for the closed DNA
template is significantly larger than the previously
reported 5.5 nm length.?® This discrepancy probably
arises from larger repulsive interparticle interactions
with 40 nm AuNPs than with 8 nm particles, even
though the same thiolated ethylene glycol surface
chemistry is used in both experiments. In the case of
dimers with the closed hairpin loop, these interactions
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Figure 6. Distributions of relative resonance wavelength shifts A1/J, after a 12 h incubation with a nonspecific reference (a,d)
or target (b,e) DNA strand at 100 mM NaCl, for open (i) and closed (ii) 40 nm AuNP dimers. (c,f) Residues after subtracting the
AA/2 distribution for the reference strand to the distribution for the target strand: the red insets (respectively blue) highlight
the higher probability of a spectral red shift when closing the dimer (respectively blue shift when opening the dimer). The
optical measurements are performed at 5 mM NaCl before and after the incubation by confocal scattering spectroscopy (a—c)

and with the calibrated CCD camera (d—f).

probably partially dehybridize the first base pairs of the
20 bp stem or of the second 50 bp double strand that
links the particles. Therefore, even at a low ionic
strength, the estimated dimer morphology does not
directly translate the DNA sequence but is strongly
sensitive to the physical chemistry of interparticle
interactions in the experimental buffer conditions.

Parallel Optical Monitoring of the Closing and Opening of a
DNA Hairpin. The results of Figure 5 demonstrate that
the open and closed AuNP dimers can be easily
discriminated in darkfield microscopy and spectrosco-
py. This difference in optical signals was recently used
to sense specific target DNA sequences or proteins in
complex biochemical samples using confocal scatter-
ing spectroscopy.'®'%'® However, these sensors suffer
from a low dimer purity in microfluidic samples (a few
percent with mostly isolated particles), which limits the
applicability of a fast parallel imaging approach.

In the AuNP dimers studied here, electrophoretic
purification leads to microfluidic chambers consisting
typically of 80% dimers and to nanostructures prefer-
entially featuring one DNA strand with a hairpin loop
linking the particles together. Furthermore, experi-
ments performed with 8 nm gold particles showed
that, with a small excess of target DNA strand com-
pared to the nanostructure concentration, such DNA-
templated dimers could be reversibly switched
between open and closed configurations at room
temperature in less than 30 min.2® This switching
behavior with small AuNPs was also shown to be
sensitive to non-DNA targets (such as ATP) using an
aptamer sequence in the scaffold.>

The label-free spectroscopic sensing of single bio-
molecules is possible in localized surface plasmon
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resonance spectroscopy using gold nanorods.3%3’

The surface attachment of a 450 kDa protein complex
corresponds to a plasmon resonance shift lower than
0.3 nm, requiring complex confocal scattering®’ or
photothermal®® spectroscopies. The resonance wave-
length variation of nearly 10 nm in Figure 5¢, between
open and closed geometries, is therefore appealing for
the parallel label-free monitoring of single biomole-
cules with low-cost detectors. However, the long-term
stability problems of DNA-linked AuNP dimers at high
salt concentrations, raised in Figure 3, are an issue as
cations are needed to screen the repulsion between
the negatively charged DNA target and particle group-
ing (NaCl concentrations larger than 80 mM in reported
experiments),' 203>

Distributions of resonance wavelength variations
AA/A for single open and closed dimers after incuba-
tion with a 1 uM solution of the target DNA strand are
given in Figure 6, compared to experiments performed
with a reference polythymine nonspecific strand. The
spectral shifts are estimated both in confocal spectros-
copy and with the calibrated color camera. To allow the
hybridization of the T strand on S to open the hairpin
loop, or the removal of the T strand from the S+T
scaffold to close it by introducing the complementary
sequence of T, we perform a 12 hincubation at 100 mM
NaCl. To monitor a large spectral shift between the
open and closed geometries, we perform confocal
spectroscopy and darkfield imaging, before and after
incubation, at a low 5 mM NaCl concentration after
rinsing the flow chamber. Furthermore, we remove
from the statistical analysis dimers for which the
resonance wavelength does not red shift (A4 < 5 nm)
when changing the NaCl concentration from 5 to
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100 mM, before incubation with the target or reference
DNA strand, since they correspond to structures in
which the nongrafted AuNP is not free in suspension.
These nanostructures, which account for about 25%
of the studied dimers, were already discussed with
respect to Figure 1e (and Figure S2): their longitudinal
resonance wavelength stays constant at low ionic
strength but strongly increases for salt concentrations
larger than 200 mM. Overall, the four distributions of
Figure 6 were obtained by following the spectral
evolution of 396 individual nanostructures.

We observe on Figure 6a(i) that, when an open
AuNP dimer is incubated with a nonspecific reference
single strand, a majority of nanostructures feature
a stable resonance wavelength (|[AA| < 5 nm). This
confirms the results of Figure 3b, in which short and
long incubation times below 100 mM NaCl resulted in
similar average resonance wavelengths. Furthermore,
by comparing the resonance wavelength shifts for this
sample when increasing the salt concentration from
5 to 100 mM NaCl and when reducing it from 100 to
5 mM NaCl (after the 12 h incubation), we observe the
reversibility of the salt-induced interparticle distance
modification for nonaggregated dimers: the distribu-
tion of initial wavelength red shifts is similar to the final
blue shifts (see Figure S4).

However, about 30% of groupings exhibit an overall
significant spectral red shift in Figure 6a(i) afterthe 12 h
incubation. This phenomenon can arise from two
effects: a shortening of the interparticle distance due
to thelong incubation time at 100 mM NaCl and gravity
but also an increase of the refractive index on the
surface of AuNPs from nonspecific attachment of the
DNA strand. These results indicate that, after a long
incubation time at 100 mM Nadl, rinsing the sample
with a 5 mM buffer solution does not allow all AuNP
dimers to recover their initial interparticle distance
even if the reference strand does not interact with
the DNA template of the open dimers.

The nonspecific red shift of dimer resonances
is much stronger for closed dimers, as shown in
Figure 6a(ii), where more than 60% groupings feature
a large increase of their resonance wavelength. This
probably originates from the initially shorter interpar-
ticle distance that increases the effect of a change in
spacing and/or of the surrounding dielectric index on
the red shift of the plasmon resonance.

Figure 6b shows the resonance wavelength shift
when open and closed AuNP dimers are incubated
with the specific DNA sequences, allowing the closing
and opening of the hairpin loop, respectively. Intro-
duction of the strand complementary to T with open
dimers leads to a red shift larger than 5 nm in 70% of
the studied dimers. We ensure that the distributions of
Figure 6a(i) and Figure 6b(i) are statistically different
using the two-sided Wilcoxon rank-sum test and find a
p value of 2 x 107° (well below the 0.05 threshold
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above which the distributions have equal medians).®
Furthermore, by subtracting the reference distribution
to the target measurement, we observe in Figure 6c(i) a
much larger probability of observing a AA ~ 10 nm
spectral shift with the target DNA sequence than with
the reference nonspecific one. However, this larger red
shift for the hairpin closing step only corresponds to
34% of the sample. This shows that even a 12 h
incubation time at 100 mM NaCl with a high DNA
concentration (1 uM) is insufficient for a complete
reaction. The studied interaction is therefore kinetically
unfavored in these experimental conditions.

The same experimental analysis is performed in
Figure 6b(ii) and Figure 6c(ii) for the hairpin opening
experiment. In the distribution of spectral shifts by
incubating the T strand with closed dimers, we observe
a weaker red shift than in the reference measurement.
This is statistically verified with the Wilcoxon rank-sum
test corresponding to a p value of 0.018. However, we
observe that the expected blue shift due to the open-
ing of a number of dimers is weaker than the red shift
due to the aging of the sample after a 12 h incubation
at 100 mM NaCl. In Figure 6c(ii), we observe that only
19% of the sample is blue-shifted with respect to the
reference measurement. The fact that the hairpin
opening reaction is more kinetically unfavored than
the closing step (because of steric hindrance in closed
dimers) was already observed in electrophoretic
mobility measurements.?°

Resonance wavelength shifts estimated with the
calibrated color camera, shown in Figure 6d—f, show
similar trends. In particular, the distributions cor-
responding to open dimers, when interacting with a
reference or the target strand, are statistically different
(p value of 7 x 1078 with 28% of studied dimers
featuring a larger red shift for the specific closing
reaction. This lower value, compared to confocal spec-
troscopy, indicates more experimental noise in the
parallel measurement, but monitoring the reaction of
a limited fraction of dynamic AuNP dimers is possible on
a color CCD. This extra noise, associated with the lower
number of reactive dimers for the hairpin opening
reaction, means that the interaction of closed dimers
with the T strand is not visible on the CCD measurement
(p value of 0.042 close to the 0.05 threshold).

Overall, the DNA-templated AuNP dimers studied
here are not optimized for sensing applications: they
suffer from nonspecific spectral red shifts after long
incubation at high salt concentrations (especially
closed dimers); they feature spectral shifts of less than
10 nm when switching shape (value similar to the
nonspecific red shift); and they suffer from low reaction
kinetics. All these issues are related to the AuNP surface
chemistry as it governs the stability of the dimer
morphology at high ionic strength but also influences
the length of the closed hairpin scaffold (that seems
partially dehybridized from the spectral measurements)
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and introduces steric hindrance around the recognition
site, thus reducing the reactivity. Using a high coverage
of the hairpin-containing DNA strand on the particle
surface was reported in the literature,'®'? but repla-
cing the ethylene glycol passivating layer by a thio-
lated thymine hexamer did not provide a measurable
increase of the dimer stability in our experiments.
Independently of the dimer stability and reactivity,
the results of Figure 6 demonstrate that, with reso-
nance wavelength shifts larger than 5 nm, a spectral
widefield monitoring of conformational changes in
single DNA-templated groupings is possible on a
low-cost color camera at time scales of several hours.

CONCLUSION

The spectral analysis of the plasmon resonance of
gold nanoparticle groupings allows quantitative infor-
mation on nanometer-scale changes in interparticle
distances. We demonstrate here that these measure-
ments can be performed in parallel on a simple
calibrated color camera in a 3—20 nm distance range.
A polarization analysis extends this range to 1 nm
distances in conjunction with the widefield estimation
of in-plane dimer orientations.

METHODS

Synthesis of AuNP Dimers. Commercial 40 nm AuNPs (BBI, UK)
are coated with a negatively charged phosphine ligand (BSPP,
Strem Chemicals, USA) then rinsed and concentrated by
centrifugation following published procedures.’® The PAGE-
purified trithiolated S (Fidelity Systems, USA) and unmodified
T strands (IDT DNA, USA) are hybridized in 100 mM NaCl by
heating the mix at 80 °C and leaving it to cool overnight. DNA-
functionalized AuNPs are obtained by incubating 0.04 pmol
40 nm AuNPs with varying amounts of trithiolated S, C, or S+T
strands in a 25 mM NadCl, 1.5 mM BSPP solution with a final
volume of 10 xL. The minimum amount of thiolated strand is
0.2 pmol (respectively 0.5 pmol) for S and S+T (respectively for
C) and is then increased four times by a factor of 2 in Figure 1a.
The solution also contains 50 pmol of a nonspecific L strand,
added to increase the AuNP suspension stability.

After an overnight incubation, the particles functionalized
with S and S+T are incubated with a 700000x excess of
thiolated/methyl-terminated ethylene glycol hexamer (Polypure,
Norway) for 30 min. The particles featuring the C strand are
incubated with a 8:1 mix of the same ligand and a biotinylated/
thiolated ethylene glycol hexamer (Polypure, Norway: the
ligand is obtained as a disulfide which is cleaved by reacting
with an excess of BSPP).'> The samples are then purified by
agarose gel electrophoresis (1.5% weight) in 0.5x Tris-borate
EDTA buffer (Figure S1). The passivated DNA-functionalized
AuNPs are cut from the gel and concentrated by centrifugation
before being incubated overnight in stoichiometric amounts
(S4T or S with C for open and closed dimers, respectively) in
30 mM NaCl. The obtained suspensions are once again purified
by gel electrophoresis (1.5 wt %) and yield the dimer samples
described in Figure 1a.

The DNA sequences are as follows:

S: 5'-trithiol-GGCTTACATGAGGAGCTTGCTTCTGCGAGAAC-
ACTCGCAGAAGCAAGCTC CTCTGCACGAAACCTGGACACCCC-
TAAGCAACTCCGTATCAGATGGGAACAGCA-3'

T: 5-TACGATAGTGGTATGATCGCTAGATCCGCAAGAGG-
AGCTAGTTACCTTCACAGGA AGTATCCTAGCTCCTCATGTAA-
GCC-3'

LERMUSIAUX ET AL.

Our experiments also discuss how the morphology
of DNA-templated particle dimers varies at different
ionic strengths for varying incubation times. At low salt
concentrations, the geometry of AUNP dimers is sensi-
tive to the length of the scaffold linking the particles in
conjunction with repulsive electrostatic interactions,
allowing the widefield discrimination of groupings
with different DNA conformations. However, at high
ionic strengths, the interparticle spacing is dominated
by short distance interactions between the AuNP sur-
face chemistries with touching and interpenetrated
ligand shells for short and long incubation times,
respectively.

The influence of charge-screening cations on the
shape of AuNP dimers is an essential parameter for
their applicability as molecular rulers and plasmon-
based biosensors. The introduction of hydrophobicity
on the ligand shell***° and the use of more complex
DNA scaffolds such as 3D origamis,*’* to optimize the
stability and reactivity of these nanostructures, are
potential directions to allow the quantitative widefield
analysis, on low-cost detectors, of biomolecular con-
formations and single biochemical events using dy-
namic plasmon rulers.

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

L: 5-TGTTCAGACTGGGGATTTTTTTTTTTITTITTITTITITTTTTTTT-
TITTITITTITIIITT TITIT I I TITTTTTTTTTTITGACCTCG-
CACTTAGT-3'

Optical Measurements. Home-made microfluidic chambers are
prepared using freshly cleaned 25 mm square glass coverslips
that are stacked together with two layers of parafilm featuring a
square hole (about 10 mm sides). Two micropipette tips
(GELoader, Eppendorf, USA) are introduced between the parafilm
layers before melting them at 100 °C to produce a 20—40 uL flow
chamber with a 250 um height. Following published protocols,®'
the glass slides are functionalized with BSA-biotin (Sigma-
Aldrich, USA) and Neutravidin (Thermo-Scientific, USA) before
introducing the dimer suspension at a sub-nanomolar concen-
tration (15 min incubation) and rinsing the chamber with 200 uL
of a 10 mM Tris, 5 mM NaCl buffer solution (pH = 8) called T5.

The salt concentration in the chamber is modified to an x
value by rinsing the chamber twice with a Tx solution. Hairpin
opening and closing experiments are performed by first rinsing
the T5 chamber with T100 before incubating the closed
(respectively open) dimers with 1 uM T (respectively the strand
complementary to T) in T100 for 12 h. The chamber is rinsed
with T100 and then T5. Reference measurements are performed
with the same protocol but substituting the nonspecific L strand
to the target sequences.

Darkfield images and spectra are measured in an inverted
microscope (IX71, Olympus) coupled to a color CCD (Quicam,
Roper) and to a fiber-coupled (50 um core diameter) imaging
spectrometer (Acton SP300 with Pixis 100 CCD detector,
Princeton Instruments). White light from a 100 W halogen lamp
is focused on the sample using an oil-immersion 1.2—1.4 NA
darkfield condenser. Scattered light is collected with a 100x
0.6 NA oil-immersion objective. All color images are obtained
with a 500 ms acquisition time (see Figure 1c). Using a built-in
function of the Matlab software package, we convert the RGB
color maps of the CCD camera in HSV color maps.

To measure several scattering spectra in parallel (typically
up to 10), the center of each AuNP grouping, with respect to the
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equivalent position of the fiber in the sample plane, is estimated
on the color CCD image. The piezoelectric stage on which the
sample is placed (P562-3CD, PI) is then programmed to align
successively each grouping on the confocal detection volume
of the fiber in order to measure a raw spectrum with a 5 s
acquisition time. A background spectrum is measured with the
same acquisition time on an empty area of the sample. The
background is subtracted to the measured spectra before
correction according to the wavelength-dependent illumina-
tion and detection (Figure 1e). For measurements with short
incubation times and for hairpin closing and opening experi-
ments, the scattering spectra are measured on the same dimers
after modification of the chemical environment.
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