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Detecting conformational changes in switchable
heterodimer plasmon rulers through iSCAT
fluctuation microscopy

Aidan Oi, Koustav Kundu, Ritesh K. Bag and Björn M. Reinhard *

The superb detection sensitivity of interferometric scattering

(iSCAT) microscopy enables a high-speed optical read-out of indi-

vidual dimers of DNA-tethered noble metal nanoparticles (NPs), so

called Plasmon Rulers. The iSCAT contrast of Plasmon Rulers

depends on their structure, and fluctuations of the iSCAT contrast

may provide insight into the conformational dynamics of the tether

molecule. In this work, heterodimer Plasmon Rulers are assembled

from 40 and 20 nm diameter Au NPs using a switchable DNA tether.

The tether contains a central molecular beacon hairpin sequence

that opens upon binding of the micro-RNA (miRNA) 574-3P (MW =

6582.3 Da). The 40 nm NP of the heterodimers is immobilized on a

glass support, while the 20 nm NP is left to perform a tethered

particle diffusion. The iSCAT contrast of individual heterodimers is

collected before and after exposure to miRNA with an acquisition

rate of 50 kHz. Binding of the 22 nucleotides long target miRNA to

the molecular beacon segment increases the accessible conforma-

tional space of the tethered 20 nm NP. The resulting gain in

conformational variability of the heterodimer is detected as a

significant increase in the mean absolute deviation (MAD) of the

iSCAT contrast. These findings confirm that iSCAT fluctuation

microscopy of the heterodimer Plasmon Rulers can detect con-

formational changes in the tether molecule and pave the path to

monitoring the conformational dynamics of individual biopolymers.

Introduction

Plasmon Rulers are discrete dimers of polymer-tethered noble
metal nanoparticles (NPs) that utilize shifts of the far-field
scattering spectrum associated with the distance-dependent
coupling of localized plasmons in metal NPs as a read-out to
monitor nanometer-scale distances.1–4 The distance-dependence
of the scattering spectrum of discrete NP dimers has been
characterized experimentally for both Au5,6 and Ag7 NPs. In the
electromagnetic coupling regime the spectral shift Dl as a

function of the edge-to-edge separation s between the NPs is
well described by a universal scaling relation that depends on the
monomer resonance wavelength l0, the NP diameter D, as well as
the amplitude a and decay constant t:8

Dl
l0
¼ a exp �s=D

t

� �
(1)

The interparticle separation dependent scattering signal in
combination with the photophysical stability of the NP probes
make individual Plasmon Rulers an experimental platform for
monitoring structural fluctuations in the tether molecule with
high temporal resolution and no limitations in observation
time.9–12 In addition to polymer-tethered homodimers, hetero-
dimers assembled from NPs with different sizes and shapes
have also been examined for Plasmon Ruler applications.13,14

In this case, the scattering signal of a larger immobilized NP is
modulated through the motion of a smaller polymer-tethered
NP. Visser et al.13 demonstrated through combination of Brow-
nian dynamics and electromagnetic simulations that hetero-
dimer Plasmon Rulers have promise for detecting rapid
structural fluctuation in the tether molecule. A reduction in
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New concepts
This work demonstrates that Plasmon Ruler heterodimers comprising
40 nm and 20 nm Au NPs linked by a DNA tether in combination with
iSCAT fluctuation microscopy facilitate the detection of small (22 nucleo-
tides) RNA targets. A tether strand containing a molecular beacon motif
changes its length upon binding of the target micro-RNA (miRNA), and
this event becomes detectable as an increase in iSCAT signal fluctuation
due to the orientation- and interparticle separation-dependent iSCAT
signal of the heterodimer. More fundamentally, this study highlights
the wealth of information that becomes accessible by characterizing the
structural dynamics of plasmonic molecules using iSCAT fluctuation
microscopy. Especially since the heterodimer approach achieves a
reduction of steric perturbations compared to Plasmon Ruler homodi-
mers assembled from 40 nm Au NPs, this approach paves a path to a
nanoscale tethered bead assay with reduced steric perturbation that can
characterize the structural dynamics of even small biomolecules.
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the size of the NP performing the tethered particle motion
reduces (i) excluded volume and steric effects, (ii) the excursion

number of the system,15,16 NR ¼
Rffiffiffiffiffiffiffiffiffiffiffi
Lx=3

p , where R is the radius

of the diffusing NP, L the contour length, and x the persistence
length of the tether molecule, (iii) the risk of multivalent
contacts, and (iv) the NP relaxation time.17 The latter is given
as a ratio of viscous drag coefficient and tether stiffness and
limits the maximum temporal resolution of the tethered NP
assay.18 NR is a relationship between the radius of the tethered
NP and the tether stiffness and represents a metric to ascertain
whether the tethered particle motion is dominated by the tether
(NR o 1) or particle motion (NR 4 1).15 According to the
definition of the excursion number, a decrease in the radius
of the tethered NPs in Plasmon Rulers facilitates a reduction in
the tether length that can be investigated without risk of
perturbing the statistical properties of the molecule.

While the outlined effects i–iv are generally favorable for
smaller NP sizes, one caveat is that the effect of the diffusing
NP motion on the scattering signal of the heterodimer
decreases with NP size. In most prior Plasmon Ruler studies
darkfield microscopy was applied to detect the elastic scatter-
ing signal of the coupled NPs.19,20 Recently, it was shown that
interferometric scattering (iSCAT) microscopy provides an alter-
native strategy for monitoring plasmon coupling in discrete

assemblies of NPs, including those assembled from NPs with
sizes that are no longer detectable by conventional darkfield
microscopy.21–27 iSCAT microscopy is a common path inter-
ferometric imaging strategy in which the light scattered from
an object of interest interferes with a reflected reference beam
in the plane of detection.28–30 The iSCAT signal, Iiscat, has
contributions from reflection, scattering and interference of
both:29,31

IiSCAT p |Eref|
2 + |Escat|

2 + 2|Eref| |Escat| cos (f) (2)

In this expression Eref and Escat are the complex reflected
and scattered fields and f the phase between reference and
scattered beam. Close to the plasmon resonance the scattering
cross-section and phase of a NP scatterer are strongly wave-
length dependent (Fig. S1).32,33 Consequently, shifts in the
coupled plasmon resonance of DNA-tethered NP dimers due
to distance-dependent electromagnetic interactions alter the
wavelength-dependent scattering cross-section and phase to
modulate the iSCAT contrast that is detected in the far-field.
We previously used this approach to characterize thermal
structural fluctuations in polymer-tethered assemblies of
10 nm and 20 nm Ag NPs and demonstrated detectable
fluctuations in the iSCAT contrast monitored at discrete wave-
lengths around the NP plasmon resonance.21 In this work we
set out to experimentally characterize the iSCAT signal

Fig. 1 (A) Scheme of the 40 nm/20 nm Au NP heterodimer Plasmon Ruler for the open and closed molecular beacon. (B) Contributions from 40 nm
monomers, heterodimers, and larger clusters to Plasmon Ruler sample as determined by SEM. (C and D) SEM images of 40 nm/20 nm Au NP
heterodimers.
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fluctuations associated with tethered particle motion in indivi-
dual heterodimer Plasmon Rulers consisting of a 20 nm Au NP
linked by a switchable DNA tether to an immobilized 40 nm Au
NP and examined whether conformational changes in the
tether can be detected. To that end, we integrated a molecular
beacon like DNA sequence34–37 that recognizes a 22 nucleotide
long micro RNA (miRNA) into the DNA tether and characterized
the signal fluctuations before and after addition of the miRNA.
Binding of the target opens the hairpin of the molecular beacon
like sequence and induces an increase in the end-to-end length
of the tether molecule. We provide evidence that a miRNA
binding-induced opening of the hairpin in the tether strand
results in a statistically significant increase in the fluctuations
of the detected time-dependent iSCAT signal. This finding is
rationalized by an increase in the accessible conformational
space of the tethered NP after target miRNA binding. Conse-
quently, the tethered NP explores more structural conforma-
tions with different degrees of plasmon coupling, and this
increased variability in plasmon coupling translates into
increased fluctuations of the detected iSCAT signal.

Results and discussion

The design of the DNA-linked 40 nm/20 nm Au NP heterodimer
under investigation in this work is shown in Fig. 1A. The 40 nm
Au NP is immobilized on the glass substrate using established
biotin-NeutrAvidin chemistry, but the 20 nm NPs lack biotin
functionalization and perform a tethered NP motion in solution.
The tether molecule contains a central molecular beacon ele-
ment that in the absence of a complementary miRNA is folded
into a hairpin structure. This structure is flanked by single
stranded DNA linkers whose ends are complementary to the
handles bound to the Au NPs to facilitate integration into the
dimer. Binding of the target miRNA opens the DNA hairpin and
extends the DNA. Worm-like-chain (WLC) modelling of the
tether strand predicts end-to-end distances of 14.6 nm and
17.2 nm before and after miRNA binding.38 The target chosen
in this work, miRNA 574-3P, is a biomarker for prostate cancer
that can be collected non-invasively via urine samples.39,40 We
picked this particular miRNA for our proof-of-principle study as
the recognizant molecular beacon sequence is well tested and
characterized.41 One important aspect to note is that the DNA-
linked 40 nm/20 nm Au NP heterodimer has excursion numbers
of NR = 0.66 and NR = 0.51 for the closed and open states of the
molecular beacon sequence in the tether. Both conditions are
consequently expected to be dominated by the motion of the
tether. In contrast, a 40 nm Au NP homodimer would have
excursion numbers of NR = 1.32 and NR = 1.02 for the closed and
open states, which lie in the range of NP-dominated motion.

The heterodimers were assembled following a DNA-
programmed self-assembly protocol established for
homodimers6,9 with slight adjustments (see Methods). Dynamic
light scattering (DLS) data of NPs at different steps of the dimer
assembly process (Table S1) show a systematic increase in
hydrodynamic diameter along the following preparation steps:

citrate-stabilized NPs, BSPP-functionalized NPs, DNA-
functionalized NP monomers, DNA-tether-linked NP dimers.
The z-average of the hydrodynamic diameter of the combined
solution was 117.4� 4.2 nm, and thus larger than the sum of the
diameters of DNA functionalized 40 nm NPs (47.5 � 0.2 nm) and
molecular beacon functionalized 20 nm NPs (27.0 � 0.6 nm),
indicating formation of a mix of heterodimers and larger assem-
blies. UV-VIS spectra (Fig. S2) confirmed a slight red-shift and
broadening of the LSPR peak, consistent with the formation of
DNA-tethered NP assemblies. To isolate NP heterodimers from
the mix, gel-electrophoresis was performed. Fig. S3 shows the
image of an agarose gel containing 40 and 20 nm Au NP
monomers functionalized with handles as well as a mix of the
two with addition of the molecular beacon DNA tether. The gel
shows a new and slower band in the presence of the molecular
beacon DNA that indicates the successful formation of hetero-
dimers. Scanning electron microscopy (SEM) imaging of the
particles retrieved from the dimer band in the gel confirm an
enrichment of heterodimers (Fig. 1B–D). We found that the
recovered band contains 60% heterodimers, 36% monomers,
and 4% larger aggregates. The spatial separation between the 20
and 40 nm NPs of many discrete heterodimers and the lack of
homodimers in the SEM images (Fig. 1C and D) further confirms
a specific tethering through the DNA linker rather than non-
specific attachment.

The gel-purfied and isolated heterodimers were immobi-
lized on a glass slide that formed the bottom of a flow cell via
the biotin functionalized 40 nm Au NPs and then transferred
into an iSCAT microscope (Fig. S4A). The emission from a
520 nm laser diode was circularly polarized and focused into
the sample plane using a 100� NA = 1.3 objective. To locate NP
scatterers, the sample was scanned in a raster pattern under a
stationary laser beam. The light reflected from the glass/water
interface and scattered by NPs was collected by the same
objective and imaged with a photodetector. A representative
iSCAT image of a single 40 nm Au NP obtained in the set-up as
well a signal variance map of a 40 nm/20 nm Au NP hetero-
dimer are included in Fig. S4B–D. For iSCAT signal fluctuation
measurements, the photodetector collected the iSCAT signal
(IiSCAT) in the center of the point-spread-function of each
scattering object with a sampling rate of f = 50 kHz for a total
of 20 s. We chose the acquisition time 1/f = 20 ms as a
compromise between temporal resolution and signal-to-noise.
Raw signal trajectories for representative 40 nm/20 nm hetero-
dimers and 40 nm NP monomers, as well as for background
and dark count measurements are provided in Fig. S5. For each
NP or heterodimer iSCAT trajectory, a background trajectory in
an adjacent region void of any NP scatterer was recorded. The
average background signal Iref was used to determine the iSCAT
contrast siSCAT at each timepoint i:

siSCATðiÞ ¼
IiSCATðiÞ � Iref

Iref
(3)

We collected iSCAT contrast trajectories for individual NP
scatterers before and after addition of a 100 nM miRNA
solution. At the end of the experiment we added a 10 mM
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solution of the polyamine spermidine. The polycation binds to
the negative DNA phosphate backbone and connects different
locations of the DNA or DNA/miRNA hybrid, which results in a
collapse and immobilization of the nucleic acid tether.42–44

Overall, iSCAT data was obtained for dimers under four differ-
ent conditions, referred to in the following as pre-miRNA before
any miRNA has been introduced, post-NCmiRNA after 100 nM
of the non-complementary miRNA sequence was added as a
negative control, post-miRNA after 100 nM of the complemen-
tary sequence miRNA 574-3P was added, and post-spermidine
after the incorporation of 10 mM spermidine. siSCAT trajectories
for one heterodimer scatterer under pre-miRNA, post-miRNA,
and post-spermidine conditions are shown in Fig. 2A–C. One
difference between the three experimental conditions that is
immediately obvious is that the variance of the iSCAT contrast
after collapse of the tether through spermidine is much smaller
than for the heterodimer pre-miRNA or post-miRNA. Power-
spectral density (psd) plots of the three conditions in Fig. 2D
provide further evidence for this difference. Before the collapse
of the nucleic acid tether, the tethered diffusion of the 20 nm
NP in the heterodimer continuously changes the interparticle
separation and relative orientation of the two NPs in the
heterodimer. These structural fluctuations affect the plasmon
coupling between the NPs and thus the scattering spectrum
and phase of the dimer45 (Fig. 3). Since both the scattering
cross-section and phase affect the iSCAT signal according to
eqn (2), the diffusion of the tethered 20 nm NP results in a
modulation of the iSCAT contrast siSCAT. According to the pair
polarizability model in Fig. 3 it appears that the coupling
primarily affect the phase component of the iSCAT signal in
eqn (2). The pair polarizability model accounts, however, only
for the dipolar coupling between the Au NPs and does not
include quadrupole and higher order angular momentum

interactions. The model therefore likely underestimates spec-
tral and phase shifts associated with coupling and their effects
on the iSCAT signal. The collapse of the DNA through addition
of the spermidine immobilizes the tethered 20 nm NP, and the
obvious decrease in iSCAT contrast fluctuations in this case is a
direct consequence of the loss of structural dynamics in the
heterodimer. Some trajectories showed increased fluctuations
in a frequency range at around 90 Hz, which was particularly
prominent in the otherwise relatively low-noise trajectories of
spermidine aggregated dimers (Fig. S6). These fluctuations
were, however, an experimental artifact and did not affect the
interpretation of the data.

The PSD plots in Fig. 2D indicate a higher degree of siSCAT

fluctuations for the heterodimer after addition of miRNA. To
test whether this smaller change is statistically significant in a
larger sample size, we examined the contrast fluctuations for
B100 heterodimer Plasmon Rulers for the pre-miRNA, post-
miRNA, and post-spermidine conditions, as well as for 40 nm
Au NP monomers and post-NCmiRNA heterodimers as con-
trols. Fig. 4A and B summarize the mean absolute deviation
(MAD), defined as the average absolute difference between each
data point and the median of the trajectory, as a metric to
systematically compare fluctuations in siSCAT for individual
heterodimers and NPs and the two-sided Student t test results
for the investigated conditions. We applied a 50-point sliding
average to the siSCAT data recorded at 50 kHz prior to the MAD
analysis, as the heterodimer PSD plots drop to the baseline of
the spermidine-compacted dimers and NP monomers (Fig. S7)
for higher frequencies. The post-miRNA condition has a signifi-
cantly higher average MAD and much broader distribution than
the other investigated heterodimer and monomer conditions in
Fig. 4A and B. The post-miRNA MAD distribution partially
overlaps with the pre-miRNA and post-NCmiRNA data but also
has an obvious tail with higher MAD. Overall, the post-miRNA

Fig. 2 (A) iSCAT contrast in T50 buffer before the addition of miRNA
recorded with a sampling rate of 50 kHz. (B) iSCAT contrast after the
addition of 100nM complementary miRNA sequence. (C) iSCAT contrast
post 10 mM spermidine. (D) The power spectral densities of a single dimer
for the three different conditions. Data shown are 50 points sliding
averages in (A)–(C) and 100 points sliding average in (D).

Fig. 3 Scattering cross-section (top row) and phase plots (bottom row)
for 40 nm/20 nm Au NP heterodimers as function of interparticle separa-
tion (edge-to-edge) (A and B) and orientation of the dimer axis with
respect to the incident E-field (C and D) calculated with a pairpolarizability
model in the quasistatic approximation.
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data is consistent with one sub-population whose MAD
increases due to miRNA binding and a second fraction of
dimers that do not change after miRNA addition because they
either do not bind miRNA or are non-functional. 40 nm Au NP
monomers and heterodimers post-spermidine show tight MAD
distributions with averages that lie below those of all other
dimer conditions. We also evaluated the coefficient of variance
(COV) of the siSCAT data as an additional measure for the
contrast fluctuations that is normalized by the contrast mean
(Fig. S8). The COV values confirm higher fluctuations for the
post-miRNA condition. Although the Plasmon Ruler assembly
conditions were chosen to optimize single tether formation
with B8 tether molecules per 20 nm Au NP, some multivalent
binding may occur. The resulting heterogeneity in the number
of tethers between individual Plasmon Rulers may account for
some of the spread in the MAD data.

Histograms of the average siSCAT, values for the investigated
experimental conditions are summarized in Fig. S9. The iSCAT
contrast values are broadly distributed for the investigated
Plasmon Ruler conditions, but the mean of the average contrast
distribution of the heterodimers is significantly higher than

that of the monomers and further increases for the post-
spermidine condition.

The observation of higher MAD values of the iSCAT contrast
siSCAT for heterodimers than for monomers or for heterodimers
with collapsed DNA tether after spermidine addition agrees
with the model that structural fluctuations in DNA-linked NPs
with intact DNA modulate the iSCAT contrast. To understand
the increase in MAD for the post-miRNA case relative to the pre-
miRNA and post-NCmiRNA conditions, we first take a closer
look at the structure of the heterodimer and inspect the
molecular details of the tether. The DNA handles are linked
to the Au NP via a thiol terminated carbon chain of three or six
carbon atoms. Given the flexibility of the carbon chain and the
presence of flexible junctions (nicks) between double-stranded
regions of the DNA linker (Fig. 1), the tethered 20 nm NP is free
to explore a spherical sector around a pivot point that is defined
by the thiol bond of handle 1 to the 40 nm Au NP surface.
Assuming that the 20 nm Au NP cannot approach the 40 nm
closer than 8.3 nm due to a shell of surface-grafted single-
stranded DNA, a simple geometric model predicts that the
20 nm Au NP can explore a sector with an opening angle of

Fig. 4 (A) Comparison of the mean absolute deviation (MAD) of the iSCAT contrast for 40 nm/20 nm Au NP heterodimers under specified conditions, as
well as for 40 nm AuNP monomers. The number of trajectories for each condition after removing outliers that deviate more than three scaled MAD from
the median is (from left to right): 94, 116, 116, 123, 27. The heterodimer data was collected from at least five different batches. (B) P-value heatmap for a
two-tailed Student’s T-test. (C) Geometric model of the accessible volume (gray shaded area) for the pre-miRNA heterodimer to explore. The red circle
indicates the 40 nm Au NP. The green circle indicate a shell of surface grafted single stranded DNA. The blue circle indicates the 20 nm Ag NP. (D) Same
as in (C) but for post-miRNA accessible volume.

Nanoscale Horizons Communication

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/2
1/

20
26

 1
1:

04
:3

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nh00763a


Nanoscale Horiz. This journal is © The Royal Society of Chemistry 2026

122.81 before and 143.31 after miRNA binding (Fig. 4C and D).
This change in opening angle together with an increased end-
to-end length leads to an increase in accessible volume by a
factor of approximately 1.6. The increase in conformational
results in a larger number of interparticle separations and
orientations relative to the immobilized 40 nm Au NP acces-
sible to the tethered 20 nm Au NP and gives rise to a higher
variability of the scattering signal and phase (Fig. 3). The
additional increase in MAD observed for the post-miRNA case
is thus consistent with a miRNA binding induced increase in
conformational variability of the tether resulting in increased
fluctuations of the iSCAT contrast.

A subset of siSCAT trajectories of heterodimer plasmon rulers
(B15%) exhibited systematic changes in average contrast as a
function of time. This is exemplified with the two siSCAT(t)
trajectories shown in Fig. 5, where only the trajectory in (A)
shows distinct segments with different average contrast values.
The trajectory in (B) lacks any indications for distinct regions
characterized by different structural dynamics. The first 2
seconds for the trajectory in Fig. 5A show large amplitude
contrast fluctuations centered around siSCAT = 0.92. Subse-
quently, the contrast drops to an average siSCAT = 0.42 for the
next second or so. These two distinct states have MAD values of
0.26 and 0.15, respectively. Throughout the rest of the 20 s long
trajectory the heterodimer transitions between these two dif-
ferent contrast levels for different durations, although the
higher contrast is preferred. The reversible transition between
two different contrast levels with different MAD values
indicates two discrete minima in the energy landscape of the
heterodimer that the system explores at different points in
times. These could be related to interactions of the DNA tether
with other surface groups or some residual rotational mobility
of the surface-bound 40 nm Au NP that leads to changes in the
orientation of the dimer axis.

Although the heterodimers used in this study did not exhibit
significant differences in average siSCAT in response to miRNA
binding (Fig. S9), presumably due to a modest change of a
relatively long tether (from 14.6 nm to 17.2 nm), it is concei-
vable to design heterodimer Plasmon Rulers with a shorter total
tether length that undergo a detectable, non-reversible change
in siSCAT upon target analyte binding. In these constructs the
conformational fluctuation analysis for the detection of analyte
binding events, which is the focus of this work, could be

augmented by screening for systematic changes in average
siSCAT.

Up to this point, we only presented data recorded with an
input concentration for 100 nM miRNA. To check whether
detection of lower concentrations is feasible, we monitored
the fluctuations for individual AuNP heterodimers before and
up to 20 min after addition of complementary miRNA (post-
miRNA) at a concentration of 0.1 nM. The same experiment was
performed with the NC-miRNA control. The MAD of siSCAT

measured after addition of miRNA for both conditions is
plotted as function of the initial MAD in Fig. 6. After addition
of non-complementary miRNA the measured MAD values are
almost identical do those measured before addition of miRNA.
In contrast, addition of complementary miRNA results for some
Plasmon Rulers in a strong increase in MAD values, which is
indicative of miRNA binding.

Conclusions

iSCAT fluctuation microscopy of Plasmon Rulers detects
changes in the conformational dynamics of the tether that
are associated with plasmon coupling induced variations of
the scattering cross-section and phase. We used this approach
to examine 40 nm/20 nm Au NP heterodimer Plasmon Rulers
containing a molecular beacon like recognition sequence in the
tether before and after addition of target miRNA. Significant
differences in the iSCAT contrast fluctuations after addition of
the 22 nucleotides long target miRNA provide evidence of a
change in the tether dynamics due to a miRNA binding induced
opening of the hairpin motif. The heterodimer architecture in
combination with iSCAT detection facilitates a decrease in the
size of the NP performing a tethered particle motion in Plas-
mon Ruler assays and thus minimizes steric and excluded
volume effects and provides new opportunities for characteriz-
ing the structural dynamics of individual biomolecules. The
relatively high temporal resolution of iSCAT fluctuation

Fig. 5 (A) iSCAT contrast siSCAT as function of time of a heterodimer
plasmon ruler in T50 buffer that shows segments of different average
contrast. (B) iSCAT contrast siSCAT of a comparable heterodimer plasmon
ruler in T50 buffer without distinct segments with different averages. All
data shown are 50 points sliding averages.

Fig. 6 MAD measured after addition of a 0.1 nM miRNA solution with
complementary (miRNA) or noncomplementary (NCmiRNA) sequence as
function of the initial MAD before addition of miRNA for individual Plasmon
Rulers. The maximum incubation time was 20 min.
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microscopy combined with the long observation time enabled
by Plasmon Rulers makes it possible to explore both low and
less probable high energy conformations of individual tether
molecules and how they change as function of time or external
stimuli. One aspect of particular interest is the kinetics of
binding interactions between tether and binding molecules
and the accompanying structural changes in the tether. It is,
however, also clear that the miRNA used in this work to trigger
the detected conformational switch in the Plasmon Ruler tether
is an important sensing target due its important regulatory
function.46,47 Heterodimer Plasmon Rulers with a miRNA-
recognizing DNA tether may provide a detection platform that
complements conventional fluorescence-based molecular bea-
con approaches.34–36 However, to realize this potential in real
world sensing applications, integration of Plasmon Rulers into
a microfluidic platform and increased optical throughput in
large field of views need to be implemented. Furthermore,
although the successful detection of miRNA analyte whose
mass lies below the detection limit of iSCAT-based mass
photometry48–50 underlines the potential of iSCAT fluctuation
microscopy of heterodimer Plasmon Rulers for detecting ana-
lytes with relatively low molecular weight, sensing applications
require a further optimization of the Plasmon Ruler design.
The changes in the conformational dynamics of the hetero-
dimer investigated in this work are associated with a change in
DNA tether end-to-end length of B2.6 nm, corresponding to a
fractional change of B18%. The performance of heterodimer
Plasmon Ruler ‘‘molecular beacon’’ sensors could be further
improved by shortening the overall tether length to increase
both the coupling between the NPs and the relative change in
length upon target binding.

We close by stating that this work also motivates further
studies into the nature of the observed iSCAT contrast fluctua-
tions. In particular, studies using on and off-resonant excita-
tion wavelengths are of especial interest for evaluating the
contributions of plasmon coupling. Furthermore, investiga-
tions of homo- and heterodimer assemblies of different NP
sizes promise additional insights into the contributions of
plasmon coupling to experimentally observed iSCAT contrast
fluctuations under resonant excitation conditions as function
of NP size.

Methods
Materials

The following materials were used as obtained from the vendors:
bis(p-sulfonatophenyl)phenylphosphine dihydrate dipotassium

salt (BSPP) (Sigma-Aldritch), tris(2-carboxyethyl)phosphine
(TCEP) (Sigma-Aldritch), 1 M tris(hydroxymethyl)aminomethane
2-amino-2-(hydroxymethyl)-1,3-propanediol (Tris buffer) (Sigma-
Aldritch), SH-PEG-COOH 400 DA (NanoCS Inc.) All nucleotide
sequences were purchased from Integrated DNA Technologies.

Assembly of DNA tethered Au NP dimers

Citrated-capped Au NP monomers were synthesized via the
Turkevich method.51 The citrate was then exchanged for BSPP
by dissolving 1 mg mL�1 BSPP in an Au NP colloid solution
overnight@45 1C in a water bath to improve the efficiency of
DNA functionalization of Au NPs.6 1 mL aliquots of the Au/
BSPP solution were transferred into Eppendorf DNA LoBind
microcentrifuge tubes, centrifuged for 10 minutes at 5.0
(�1000)g for 40 nm Au NP or 10.0 (�1000)g for 20 nm Au NP.
The supernatant was then removed, and the pellets were
resuspended in 50 mL T20 (10 mM Tris buffer, pH 8.0 and 20
mM NaCl). Handle 1, handle 2, and biotin-functionalized DNA
sequences (100 mM in Tris pH 8.0, 10 mM) were thawed and
incubated with 10 mM TCEP in equal parts for 2 hours. The
nucleotide sequences are shown in Table 1 with the molecular
beacon hairpin underlined.

The Au NPs were then split into two batches to be functio-
nalized with different DNA handle sequences. 7 mL of handle 1/
TCEP solution and 3 mL of biotin-functionalized DNA/TCEP
were incubated with the 40 nm Au NP solution (9 � 1010 NPs
per mL) overnight at room temperature, and 10 mL of handle 2/
TCEP was incubated with the 20 nm Au NP solution (7 � 1011

NPs per mL) overnight at room temperature. The next day 1 mL
of 2 M NaCl was added to each Au NP solution and left to
incubate overnight at room temperature to allow for increased
DNA coverage of the Au NP surface. 1 mL of 10 mM 400 DA SH–
PEG–COOH solution was then added to each Au NP solution
and incubated overnight at room temperature to stabilize the
particles. Excess DNA and PEG were subsequently removed by
diluting the samples to 500 mL with DI water and centrifuging
the particles in 50 kD MWCO centrifugal filters at 14.0 (�1000)
rpm for 10 minutes. The filtrate was discarded, and the
centrifugation process was repeated one more time to ensure
the removal of all excess DNA and PEG. The concentrated solute
was then recovered in a clean microcentrifuge tube by centrifu-
ging the sample at 1.0 (�1000) rpm for 2 minutes. The
concentrated Au NP solution was diluted to 1 mL in T90 (10
mM Tris buffer, pH 8.0 and 90 mM NaCl) buffer and centri-
fuged at the appropriate speed for 40 or 20 nm Au NPs for 10
minutes. 950 mL of the supernatant was removed and the
handle 2 solution was incubated with 5 mL of 2 mM molecular

Table 1 Nucleic acid sequences

Handle 1 TGAACAAATGACATAGCCAGAAAAAAAAAA/3ThioMC3-D/
Handle 2 /5ThioMC6-D/AAAAAAAAAAGGCGGAAGAAATGTGTAAGG
Biotin-functionalized DNA /5ThioMC6-D/AAAAAAAAAAGACCTACTAAGACTACTACACAACCAGAGA/3Bio/
Molecular beacon CTGGCTATGTCATTTGTTCAATTTTTTTTTTTTTTTTTTTGGTCCTGCGCCCGCGCGCTAGCACTCGCCTTCA

TTTTTTTTTTTTTTTTTTTTTCCTTACACATTTCTTCCGCC
miRNA 574-3P CACGCrUCArUGCACACACCCACA
(non comple-mentary) miRNA control GCAACGArUAGCrUGGCAACGAGC
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beacon DNA overnight at room temperature. Preps containing
handle 1 and handle 2 were combined and the NaCl was added
to bring the buffer to 250 mM NaCl and annealed in a 70 1C
waterbath for 10 minutes and left overnight at room tempera-
ture. The outlined conditions correspond to a AuNP : DNA ratio
of 1 : 2344 for the 40 nm AuNP and handle 1, 1 : 1003 for 40 nm
AuNP to biotin handle, 1 : 430 for 20 nm AuNP to handle 2, and
1 : 8.5 for 20 nm AuNP to molecular beacon sequence contain-
ing DNA linker. To separate the dimers from unreacted mono-
mers and larger aggregates, gel electrophoresis was performed
with a 1% agarose gel run at 120 V for 60 minutes. The dimer
band was then recovered from the gel and placed in 200 mL T50
(10 mM Tris buffer, pH 8.0 and 50 mM NaCl) buffer to diffuse
out of the gel overnight at room temperature.

iSCAT sample preparation

250 mL of a solution of BSA biotin (1 mg mL�1 in T50 pH 8),
which had been filtered through a 0.22 mm filter was drop-cast
on a glass slide and incubated for ten minutes. The glass slide
was then washed with T50 buffer twice before being incubated
with 250 mL NeutrAvadin (0.01 mg mL�1) that had also been
filtered through a 0.22 mm filter. The glass slide was then
washed twice again before being incubated with 20 mL of the
Au NP dimers in 250 mL T50 buffer for 10 minutes. The sample
was then washed three times with T50 buffer to remove any
dimers that were not immobilized on the surface.

Data collection

All data was collected using a home-built iSCAT microscope
(Fig. S4). A 520 nm laser diode (lasertak) was spatially filtered
through a 4F system, circularly polarized by a quarter-wave
plate (Newport) and injected into a 100� oil objective 1.3NA
(Olympus, UPLFLN100XO2) through a 50 : 50 beamsplitter with
anti-reflective coating (Thorlabs). Laser radiation is dangerous,
avoid eye or skin exposure. The scattered and reflected light in
the sample plane was collected using the same objective. The
collected light was split by a 70 : 30 beamsplitter (Thorlabs) to
send 30% of the signal to a Mako G-234C CMOS camera (Allied
Vision) and 70% of the light towards a photon detection
module (PDM, Micro photon devices) for data collection. The
sample was mounted on a Tritor102 nano positioner (Piezo-
Jena), which was used with the CMOS camera to center the
point-spread-function of individual scatterers on the PDM
detector. A manual stage was used to explore the substrate for
NP scatterers. Dimers were identified through iSCAT signal
fluctuations on the CMOS camera recording at 200 frames
per second. Once a scatterer was found using the CMOS
camera, the nanopositioner was then used to raster scan the
object with 0.25 nm step sizes and 50 ms integration time per
step. iSCAT contrast and variance maps were generated and
used to position the center of the point-spread-function on the
PDM detector using LabVIEW. Subsequently, 20 s time trajec-
tories were collected with a sampling rate of 50 kHz. The
scatterer was then moved off the PDM to collect a corres-
ponding background trajectory. Post-miRNA and post-
NCmiRNA data was collected after incubating 20 mL of 100

nM miRNA in RNAse-free T90 buffer for 5 minutes with the
dimers already immobilized on the glass slide and subse-
quently washed with T50 twice before data collection. All data
was collected within 3.5 hours of thawing the miRNA to attempt
to avoid miRNA degradation affecting the data. Post-
spermidine samples were collected after incubating 20 mL of
10 mM spermidine in nanopure water with the sample for 1
minute. iSCAT contrast values were calculated according to
eqn (3) using the median of the background trajectory as the
reference intensity. Post-processing and analysis codes are
available in the accompanying Zenodo deposition.
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