Localized plasmonic heating for single-molecule DNA rupture
measurements in optical tweezers
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Abstract: To date, studies into the thermodynamic and kinetic processes that underlie biological
function and nanomachine actuation in biological and biology-inspired molecular constructs have
primarily focused on photothermal heating of ensemble systems, highlighting the need for probes
that are localized within the molecular construct and capable of resolving single-molecule
response. Here we present an experimental demonstration of wavelength-selective, localized
heating at the single-molecule level using the surface plasmon resonance of a 15 nm gold
nanoparticle (AuNP). Our approach is compatible with force-spectroscopy measurements and can
be applied to studies of the single-molecule thermodynamic properties of DNA origami
nanomachines as well as biomolecular complexes. We further demonstrate wavelength-selectivity
and establish the temperature dependence of the reaction coordinate for base-pair disruption in the
shear-rupture geometry, demonstrating the utility and flexibility of this approach for both
fundamental studies of local (nanometer-scale) temperature gradients and for rapid and

multiplexed nanomachine actuation.
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Localized temperature control at the
nanoscale has emerged as an important field
of research owing to its varied applications in
the study of biological systems'?*?,

4367 photothermal chemistry®,

biomedicine
light to heat conversion®!’, and nano-
machine/nano-assembly actuation'"!?, with
temperature-dependent studies at the single-
molecule level being of particular
interest'>!14151617  Imaging and dynamic
measurements at the single molecule level
can provide a more in depth understanding of
real-time

biomolecule  behavior and

dynamics than ensemble measurements'®:!?,

which  necessarily  provide averaged
parameter values that can obscure the origin
of the observed phenomena. Typically,
temperature control in these single-molecule
studies has been achieved through global
manipulation of the environment using, e.g.,
thermoelectric heating of the objective

stagel6’2°’21

. One recent study built on this
technique to decouple the heat transfer
between the objective and sample chamber in
magnetic-tweezers  setup, accomplishing
sample heating with short time intervals and
wide temperature range”’. Other recently
developed heating approaches primarily rely
on use of near-infrared (NIR) laser heating,

both directly!7-23-24.25.26.27.28 and

indirectly**-°. Direct techniques exploit the

absorption of NIR light by the water
molecules in the excited volume, whereas the
indirect techniques rely on the deposition of
an absorptive layer on the flow cell to localize
laser induced heating. However, the length
scale of this localization is still relatively
large compared to the systems of interest,
typically heating picolitre volumes (1000
um?)**?8, This approach can be pushed to the
diffraction limit, as shown in a recent report
where localized heating at the sub-cellular
scale (a ~5um diameter heat spot with sub-
picolitre volume) was generated in a live cell
to impact cellular functions®'. However, to
date none of these approaches allow heating
at the nanometer length scales that are
relevant for probing and manipulating

molecular function.

Here we present and experimentally
validate an approach to nanometer-scale
temperature control at the single molecule
level through the resonant plasmonic heating
of gold nanoparticles®* localized to a targeted
region of a molecular construct. It is
compatible with single-molecule force
spectroscopy measurements, overcomes the
challenges associated with conventional
temperature dependent studies, and is
straightforward to implement in DNA
nanomachines and for dynamic thermal

studies of a wide variety of molecular



structures/nanomachines®>****. Further, the
wavelength-sensitivity of this approach has
the potential to dynamically create and
modify multiple temperature profiles within
one construct through, e.g, multiplexed

excitation energies and variable intensity.

This functionality is experimentally
demonstrated through the systematic study of
plasmonic excitation assisted shear-induced
DNA rupture under constant force (Fig. 1a).
The DNA base pair attachments are
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Figure 1: (a) Schematic of All-
Au-All tether attachment between
Streptavidin coated polystyrene
beads trapped in optical traps; (b)
Electrophoresis gel showing All-
Au-All conjugation yield for
different Au:All concentrations;
(c) Force-extension data for All-
Au-All tether attached between
two beads[ dots ] fit to WLC
model[ line | confirming single-
tether attachment (inset: schematic
of the experimental procedure in
the C-Trap flow cell); (d)
Fluorescence image of the Bead-
Al1-Au-All- Bead composite
labelled with sytox orange (green)
and cy5 (red).

destabilized due to a localized temperature
increase generated from a neighboring

excited gold nanoparticle, reducing the DNA

rupture time under a given applied force.



Rupture time measurements are made
through single molecule force spectroscopy
conducted in a dual-trap optical tweezers
instrument equipped with confocal laser
excitation and single molecule fluorescence
detection (Lumicks C-Trap). The structure
under study consists of a central AuNP that is
attached to two dsDNA tethers through
polyA-polyT strand conjugation (Fig. la).
This places the polyA-polyT construct in the
vicinity of the AuNP, allowing it to be locally
heated through AuNP excitation. The other
ends of the dsDNA strands are terminated
with biotin to enable selective attachment to
streptavidin-functionalized polystyrene
beads that serve as handles in the dual-trap

optical tweezers setup.

The experimental realization of this
structure begins with the selection of the
central gold nanoparticle (AuNP). The goal is
to choose a size that maximizes enables high
light to heat conversion ratio, which is
defined by the competition between the
absorbed energy and scattered energy. As the
AuNP diameter increases the increase in
surface area allows more light to be absorbed
but also leads to an increase in scattering®.
Prior theoretical results’® were extrapolated
to calculate the absorption cross-section for
15nm AuNPs to be Co = (0.990 x 105 m?) at

the nanoparticle plasmon resonance of 520

nm, indicating that this nanoparticle size has
sufficient absorption cross section to serve as
a localized, optically-pumped heat source. To
enable attachment to the DNA tether the
nanoparticles are functionalized with 23 base
poly-thymine (T-23) ssDNA
oligonucleotides through a carbon chain
linker using thiol attachment (purchased
commercially through Nanopartz Inc.).
Following common practice for the
attachment of gold nanostructures to DNA

structures’’-38-39:40

, a T-23 oligonucleotide
was chosen to coat the AuNP. This allows for
more uniform coverage of the nanoparticle
surface compared to oligonucleotides with A,
C, G bases due to their higher binding affinity
with Au, which inhibits even coverage and

leads to agglomeration on the Au surface’.

The dsDNA tethers shown in Fig. la
are generated from restriction enzyme
digestion of a circular plasmid DNA(pPSU2)
that generates a 4 base 5 overhang.
Following this, two DNA oligonucleotides
are ligated to one end that introduces an 11
base polyadenine (A-11) ssDNA 5’ extension
that can then base pair to T-23 oligos that are
functionalized to the AuNP. The opposite
DNA end is ligated to two DNA
oligonucleotides to introduce a biotin
molecule at this end, which binds a

streptavidin coated polystyrene bead that



provides a handle for the optical trap. The
attachment of AuNPs to the dsDNA tethers is
done through an annealing process where T-
23 coated AuNPs and dsDNA tethers with A-
11 overhangs are incubated at 55 °C for 10
minutes followed by a linear temperature
reduction to 4 °C in 45 minutes. The relative
concentration of the dsDNA tether to the
AuNPs were optimized for the attachment of
two dsDNA tethers to a single AuNP (Fig.
l1a). In addition, the presence of longer poly-
thymine strands (T-23) compared to the
shorter poly-adenine strands (A-11) provides
multiple attachment positions along the T-23
strand where A-11 is fully base paired and
therefore ~ enhances  the  conjugation
probability and yield of the self-assembly

process.

The final optimally assembled
AuNP:tether construct is introduced into a
multi-channel microfluidic flow cell for
conjugation to two polystyrene beads (Fig.
Ic, inset). The microfluidic flow cell has five
laminar flow channels, which allows for the
optical trap to move between channels to
iteratively  assemble  bead-DNA-AuNP-
DNA-bead structures. The assembly protocol
starts with two polystyrene beads optically
trapped in the “beads channel”, followed by
the attachment of a DNA-Au-DNA conjugate

between the two beads in the “tether

channel”. The whole assembly is then moved
to the buffer channel (0.5xTE+100mM
NaCl+5.5mM  MgCl,+0.05%  Tween20)
where one of the traps is moved to adjust the
apply force on the construct. Once the
assembly is formed, it is important to ensure
the presence of a single DNA-AuNP-DNA
conjugate between the two trapped beads, as
the presence of multiple conjugates will lead
to misleading measurements (multiple
conjugates in parallel require significantly
higher force to rupture). Single tether
conjugation is confirmed through
comparison of the measured force vs.
extension curve with the worm-like chain

(WLC) model*!, as shown in Fig. 1c, before

proceeding to photothermal measurements.

The configuration of the assembled
structure is further validated using single
molecule confocal fluorescence microscopy
to image the DNA tether and the AuNP while
it is suspended between the two beads that are
held by the optical traps. For these studies,
the assembled structure is transferred to a
flow channel that contains Cy5 fluorophore-
labeled polyA oligos (Al2:cy5) and sytox
orange (DNA binding fluorophore) (Fig. lc,
inset). During the incubation in this flow
channel, the A12:cyS5 oligos attach to the T23
oligos on the AuNP and the sytox orange
molecules bind to the two DNA tethers.



Simultaneous scanning with 561 nm and 639
nm laser excitation generates a fluorescence
image of the assembled construct shown in
Fig. 1d, confirming construct conformation.
This image additionally confirms the AuNP
position relative to the two DNA handles and
two beads for later confocal plasmonic
excitation that capitalizes on the high spatial
resolution of the C-Trap instrument (350

nm).

The dynamic response to thermal
excitation under a constant shear-force is
studied by exciting the AuNP with a
diffraction-limited confocal laser until
rupture.  Executing this measurement
approach requires a DNA construct that has a
resident time at room temperature on
timescales longer than our measurement, but
susceptible to rupture at temperatures
accessible by laser-induced heating. A
previous study that reports DNA
oligonucleotide resident times as a function
of length** informed the choice of using a
poly-A length of A-11. This length choice
was confirmed by the observation that stable
single tethers could be reproducibly captured

in the dual optical trap.

Next, to investigate the feasibility of
thermal induced poly-A release from the

AuNP, the temperature change in the vicinity

of the AuNP can be calculated from the time-

independent heat transfer equation®,

AT(r) = Sebsl (1)

Amkr

where, AT is the temperature difference from
ambient temperature, C., is the absorption
cross-section at excitation wavelength, 7 is
the laser fluence, £ is the thermal conductivity

of water and r is the distance from the center



of the AuNP (valid for values of r larger than

(a) 15nm AuNP absorbance at ~1nM
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Figure 2: (a) Absorption spectrum for a
15 nm gold nanoparticle; (b) Force vs
time plots for an instance of excited
rupture time vs dark rupture time, U
represents  instances  where tether
remained unruptured at >600s; (c)
Comparison of dark ruptures and excited
ruptures (N=20, bin width=30s) at 10pN
for KS hypothesis test.

the radius of the AuNP).

In order to calculate AT for these
experimental conditions, it is necessary to

modify literature values of resonant

plasmonic  excitation®> to reflect the
excitation wavelength of 561 nm. This
correction is determined from the absorption
spectrum of a suspension of the 15 nm
AuNPs (1 nM) shown in Fig. 2a, revealing a
decrease in absorption to 48.3% of the
resonant peak. Based on this value, a
confocal laser spot at a wavelength of 561 nm
and with power of 47.9 uW is predicted to
raise the temperature to an average of 34.1 °C
over a distance of 0.5 nm to 11.9 nm from the
AuNP surface (the length of the polyA-polyT
construct). The efficacy of this temperature
increase  in  promoting  rupture is
experimentally evaluated by a comparison
between tether rupture times observed for a
dark (no laser excitation) rupture events and
laser-excited rupture events (Fig. 2b). The
force is gradually ramped to a value of 10 pN,
then held constant until tether rupture,
defining a rupture time, ¢.. For the plasmonic
heating studies the laser is turned on when the
force reaches 10 pN. This single-shot
comparison reveals roughly an order of
magnitude difference in rupture time,
suggesting that localized melting has been
achieved, warranting a more comprehensive
and systematic investigation of the heating

and rupture process.

To establish the statistical

significance of the plasmonically heated



shear-induced rupture, multiple independent
events (n=20) of excited and dark ruptures
are compared at an applied shear-force of 10
pN, as shown in the left two panels of Fig. 2c.
The observed distributions of rupture times in
the two experiments (dark vs. light) appear
quite distinct, with a much broader
distribution in times observed for the dark
rupture  experimental  protocol. The
Kolmogorov-Smirnov  (KS) two-sample
hypothesis test is used to statistically test the
hypothesis that the two distributions belong
to different processes. The right panel of Fig.
2c¢ shows the cumulative probability of
rupture for both dark (black curve) and
excited (green curve) measurement
conditions. A comparison of the maximum
deviation between the two cumulative
probability curves (KS statistic) to the
Kolmogorov distribution table is used to
extract a p-value, where p = 1 indicates
identical distributions arising from the same
underlying probability distribution and p <
0.05 is accepted as the statistically significant
threshold for demonstrating that two
distributions arise from distinct underlying
probability distributions**. The KS analysis
of the data presented in Fig. 2c yields p =
0.0015, indicating a high level of confidence

that the plasmonic heating induces a

statistically significant change in the rupture

probability.

Varying the wavelength of the laser
excitation provides an important cross-check
to distinguish between the localized thermal
excitation model described above and other
potential mechanisms such as excitation and
degradation of chemical bonds in the tethers
or attachment chemistry. Figure 2a shows the
substantial decrease in absorption for a
wavelength of 639nm (7.7% of the resonant
plasmon absorption, or roughly 6x lower than
excitation at 56Ilnm), providing the
opportunity to compare the predicted thermal
excitation for this lower-energy excitation in
comparison to the measurements at 561 nm
described in Fig. 2¢c. Further, as the excited
state temperature profile approaches the
critical rupture temperature of the relevant
oligos under these force loading conditions it
becomes important to consider the various
possible conformations available for a given
tether as, e.g., the A11 overhang can attach at
various points along the T23 oligo (A11-T11
construct placement varying from 0.5 nm to
11.9 nm from the AuNP surface). This
variation is shown schematically at the top of
Fig. 3a for a fully stretched DNA construct
and is compared to the spatially dependent
temperature profiles calculated using Eq. (1).

This comparison should be considered a
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Figure 3: (a) Calculated Temperature
profile  around the AuNP  for
561nm(P=100% [green bold] , 20.6%
[green thin]) and 639nm(P=100% [red
bold]); (b) Comparison of rupture times
(N=20) at F=10pN for different powers
and wavelengths: comparison between
comparable incident intensities of green
and red laser [top panel] and comparable
absorbed intensities of green and red laser
[bottom panel], U represents instances that
remained unruptured for more than 600s.
Right panel: outcome of the KS test
comparing red rupture to green rupture at

comparable incident intensity
(Ds>Derie® %) [upper panel] and with
comparable absorbed intensity

(Ds<Deri %) [lower panel].

worst-case estimate, as the end-to-end length
of the single-stranded portions of the
construct will depend on the force loading,
with shorter distances (and consequently
higher average temperature) at lower force.

Using the baseline of the 561 nm excitation

used for the measurements presented in Fig.
1 for comparison and an incident power of
46uW at 639 nm provided by the C-Trap, Eq.
(1) yields a temperature profile that varies
from 26.9 °C at the AuNP surface to 25.7 °C
at 12 nm (Fig. 3a, red curve). This predicts
that the temperature generated from
plasmonic  heating at an excitation
wavelength of 639 nm is substantially lower
than that predicted for 561 nm at all distances
and shows a smaller absolute variation in
temperature with distance. When comparing
these distinct temperature profiles to the
expected variation in binding position within
the T23 oligo, one would anticipate a
significant difference in rupture dynamics

between the two excitation regimes.

Experimental validation of this
prediction is achieved by subjecting
individual constructs to a constant shearing
force of 10 pN while the AuNP is
continuously excited with 639 nm light for up
to 600 s and comparing the results to the
illumination at 561 nm, Fig. 3b (for the
purposes of this experiment, observations are
terminated after 600 s and the construct
labelled as “unruptured”). The incident
fluence for the two excitation wavelengths
are comparable, I55.,= 16.4x10* uWnm? and
Isom = 14.6x10* pWnm?, to highlight

differences in response due to the predicted



difference in heat transfer efficiency from the
excitation light to the nanoparticles. A
comparison of shear-force induced rupture
times of the DNA-Au-DNA construct when
excited with 561 nm (green) and 639 nm (red)
can be seen in Fig. 3b. The distribution for the
639 nm is broader and skewed towards the
longer rupture times compared to excitation
at 561 nm. Critically, even when the total
energy present in the excitation beam is
comparable, the difference in spectral
overlap with the plasmon resonance drives a
significant difference in the resulting
temperature, and consequently, a difference
in rupture time. Further, the existence of
unruptured constructs under 639 nm
excitation is consistent with the calculation of
the induced temperature profile shown in Fig.
3a. The KS two-sample hypothesis test is
again applied to test the statistical relevance
of the observed difference between the green
and red rupture distributions. The KS
hypothesis test (Fig 3b, right panel) shows
that the two distributions are statistically
distinct at the p = 0.037 level (3.7% chance

of originating from same population).

This hypothesis can be tested further
by comparison to a third excitation condition,
wherein the flux of 561 nm excitation is
reduced so that the absorbed flux at 561 nm

is comparable to the absorbed flux at 639 nm

10

(i.e., taking into account the reduced
absorption cross section at 639 nm; Fig. 2a).
This will provide comparable heat flux into
the AuNP while the energy per photon is
varied (which would be the relevant
parameter for resonant excitation). The
calculated temperature profile for the low
power 561 nm excitation (Fig. 3a, light green
curve) is comparable to 639 nm excitation,
with slightly higher temperatures (27.8 °C at
AuNP surface and 26.1 °C at 12 nm). The
experimental comparison is shown in the
lower panels of Fig 3b, and the low-intensity
561 nm excitation does indeed broaden
towards the 639 nm distribution. The KS
two-sample hypothesis test concludes that the
two sample distributions originate from
differing populations at a p-value of p =0.33,
implying that there is a 33% chance that the
two sample distributions originate from the
same population. This is much higher than
the 3.7% chance of same population origin as
for red versus

reported above green

excitation at comparable incident fluence.

This provides further support for the
interpretation  that the rupture time
distributions are dependent on the

plasmonically generated heat flux, and the
observed accelerated ruptures are in fact a
consequence of heat generation due to

plasmonic excitation.



Next, the comparison between excited
and dark rupture is used to explore the impact
of decreasing shear-force on the rupture
times of these DNA-Au-DNA constructs. For
this measurement the 10 pN measurements
reported above (Fig. 2c) are supplemented by
complementary measurements at shearing
forces of 5 pN and 2.5 pN. As can be seen
from Fig 4, ruptures excited at 561 nm and 5
pN occur at times that are short relative to the
measurement window, while the dark rupture
distribution shows a significant number of
unruptured tethers. The KS test concludes
that the dark and excited sample distributions
originate  from  different  population
distributions at p=0.00011 level, a similar
level of confidence to 10 pN. As expected,
when the force is further reduced to 2.5 pN
the rate of rupture further decreases, with
rupture times approaching the available
measurement window. As a consequence, the
primary difference between the excited and
dark rupture distributions is evident in the
difference in the fraction of tethers that
remain unruptured. This behavior results in
the KS test having a lower statistical
confidence in their being a difference

between the excited and dark rupture

distributions (p=0.082 at F=2.5 pN).
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Figure 4: Comparison of Dark ruptures
and Excited ruptures (N=20, bin
width=30s) at three different forces 2.5pN,
5pN, 10pN. U represents instances that
remained unruptured for more than 600s.
The right-most column shows the
cumulative probability for each force-
loading condition, indicating that excited
and dark rupture events arise from different
underlying probability distributions at high
force (10 pN and 5 pN) but become less
distinct at low force (2.5 pN), see main text.

These systematic force studies can be used to
extract the temperature dependence of the
parameters defining the free energy
landscape of the relevant DNA rupture
dynamics. The rate of shear-induced rupture
(k) depends on four parameters: the Gibbs
free energy barrier (4G), applied force (F),
the change in length of the base paired poly-
A (d), and temperature (7) in accordance with

the Arrhenius equation,

—AG+Fd
k = koe kpT

(2)



where %, is the Arrhenius constant and £; is
the Boltzmann constant. This equation can
also be modified as,

AG ]
kyT

| Fd
k5T

In(k) = [lnko—

(3)

which makes the natural logarithm of k£ a
linear function of applied force F* with slope
of d/ksT. To obtain the rupture rate constant
for each applied force, the cumulative
probability (3 Pi) of binned rupture times is
fit to the function p = I - &* (Supplemental
Figure S1) and the linear relationship is
plotted at the three forces (¥ = 2.5 pN, 5 pN,
10 pN) for dark and excited rupture
(Supplemental Figure S2). The extracted
slope for dark ruptures (7 = 25 °C) and
excited ruptures (7= 34.1 °C) are 0.15 = 0.04
pN'and 0.3 £ 0.15 pN! respectively. Using
the assumption of a temperature-independent
change in length, d, these slopes predict a
lower temperature at excited rupture as
compared to dark rupture, which is not
physical for these experimental conditions.
Instead, this indicates that the reaction
coordinate in the shear-induced rupture of the
DNA-Au-DNA construct

is temperature

dependent and varies from dpak = (0.62 +
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0.16) nm at ambient temperature of 25 °C to
dExciea = (1.37 £ 0.69) nm at a calculated
spatially averaged temperature of 34.1°C for
excitation with 561 nm at 47.9 uW. The room
temperature determined dpu« is nearly the
same as a previous optical trap measurement
to shear a 15 bp DNA molecule®, which
provides further confidence in these
calculations. Interestingly, there does not
appear to be a report on the temperature
dependence of d for shearing DNA. This
highlights how the combination of local,
excitation  with

modulated thermal

established single-molecule force
spectroscopies can provide new temperature
dependent information at the single molecule
level.

In conclusion, we have demonstrated
an experimental strategy for on-demand,
wavelength-selective, and localized
temperature control at the single-molecule
level. We have employed this approach to
reveal a previously unreported temperature
dependence to the shear-force rupture
reaction coordinate that plays an important
role in understanding these rupture dynamics.
This scheme can be further extended for the
study of thermodynamics of other DNA
sequences and constructs in place of the
polyA-polyT junction studied here, such as
DNA-based

nanomachines*, and



biologically relevant folded structures of
DNA, RNA, and proteins*’. Further, it is
compatible with other single-molecule force
spectroscopies such as magnetic tweezers*®
and atomic-force microscopy®’. Further, the
wavelength sensitivity provides a pathway to
the selective addressing of multiple, localized
heat sources within a single construct, raising
the possibility of complex actuation and more

sophisticated thermodynamic studies.
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Supplementary 1: Calculation of incident intensities for the two
wavelengths, and calculation of temperature dependent reaction
coordinates from Arrhenius equation.

Calculation of incident intensities for different wavelengths
The total available intensities (Ii..) for the two wavelengths (i.e. 561 nm and 639 nm)
are calculated using the intensity equation for a gaussian beam as shown below,

2 X Incident Power

inc = Area of laser spot @

The intensities are calculated to be I"*ss,m= 16.4x10* pWnm? (P™s,,,=47.9 pW, spot sizessimm=
X:295 nm, Y:251 nm) and ["*gomm= 14.6x10* pWnm? (P gomm=47.9 uW, spot siz€sonm= X:304
nm, Y:265 nm).

Calculation of temperature dependent reaction coordinate for dark and excited rupture
The temperature dependence of the reaction-coordinate ‘d’ was studied using the
comparison between plasmonically excited and non-excited shear-induced rupture of the DNA-
Au-DNA constructs at three different shear forces, i.e., 2.5 pN, 5 pN, and 10 pN. For this the
obtained rupture data was fit to the logarithmic form of the Arrhenius equation described as,

A d ..
In(k) = (Ink, — kTGT) + ijr (i)

where k is the reaction constant for the rupture, ko is the Arrhenius constant, 4G is the Gibbs
energy cost of reaching the transition state, F'is the Force applied, d is the reaction-coordinate,
kg 1s the Boltzmann constant, and 7 is the temperature.

The reaction constant k was calculated for each applied force using the temporally
binned cumulative probability of the observed rupture events with bin size=30 s, only plotted
for bins that contribute to an increase in the rupture events. This plot is fitted to the function
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(1-e™*) as shown in figure S1 to obtain the reaction constant ‘.’ for dark and excited rupture at
each force. The natural logarithm of the rate constants for dark and excited rupture are then
plotted as a function of applied force as shown in figure S2. According to the above equation,
this plot should be a linear relationship with the slope given by d/ksT, and therefore if the
temperature is known then the value of the reaction coordinate can be extracted.

The calculated slopes for the dark and excited ruptures are (0.15 + 0.04) pN-' and (0.3
+0.15) pN! respectively (Fig. S2). The room temperature during dark excitation is considered
to be Tpark = 25 °C to calculate dpar+= (0.62 + 0.16) nm. For the excited rupture the calculated
average temperature Trxciea= 34.1 °C is used (calculated along the maximum range of construct
attachment from the AuNP surface) to calculate a devcired = (1.37 = 0.69) nm. This shows that
the value of the reaction constant roughly doubled for excited rupture when compared to dark
rupture.
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Fig S1: Curve fit of the observed cumulative probability of rupture to extract the rate constant
of rupture at each shear force for dark rupture (upper panel) and excited rupture(lower panel).
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Fig S2: Plot of natural log of reaction constant ‘k’ versus the applied shear force. Linear curve
fit is performed for dark and excited rupture to calculate the slope to further obtain reaction
coordinate ‘d’.
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