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ABSTRACT: In single-molecule force spectroscopy (SMFS), a tethered molecule is stretched using a specialized instrument to 
study how macromolecules extend under force. One problem in SMFS is the serial and slow nature of the measurements; 
performed one molecule at a time. To address this long-standing challenge, we report on the origami-polymer force clamp 
(OPFC) which enables parallelized manipulation of the mechanical forces experienced by molecules without the need for 
dedicated SMFS instruments or surface tethering. The OPFC positions target molecules between a rigid nanoscale DNA ori-
gami beam and a responsive polymer particle that shrinks on demand. As a proof-of-concept we record the steady state and 
time-resolved mechanical unfolding dynamics of DNA hairpins using the fluorescence signal from ensembles of molecules 
and confirm our conclusion using modeling.

INTRODUCTION 

High precision techniques that can trap and apply forces 
to single molecules, such as atomic force microscopy 
(AFM)1-2, optical tweezers3-4, and the biomembrane force 
probe5-6 have defined our understanding of how molecules 
respond to applied mechanical forces. These techniques 
have led to fundamental understanding of many processes, 
ranging from mechanotransduction of cell adhesion recep-
tors7-8 to DNA replication9, DNA-protein interaction10, and 
enzymatic reaction mechanisms11-12. However, single-mole-
cule methods have limitations and fail to provide the chem-
ical details of the dynamic changes that occur in the target 
molecule as it experiences an external force. One major rea-
son for these limitations is the low throughput of SMFS11. 
Chemical analysis generally requires greater than pM con-
centrations which is not compatible with SMFS. It would be 
highly desirable to obtain the chemical spectra of the mole-
cules experiencing forces using methods such as FT-IR, flu-
orescence and Raman spectroscopy, as these methods allow 
one to characterize the conformational changes that accom-
pany different states and functions of proteins and nucleic 
acids13-16. One potential solution to this challenge is to par-
allelize SMFS. Examples of this strategy include evanescent 
optical waveguides17, acoustic force spectroscopy (AFS)18 
and centrifuge force microscopy19, which apply an external 
force to many molecules in parallel. These methods have 
shown success but are still limited in throughput as the 
maximum number of molecules manipulated is ~103. Re-
cent work by Liedl and colleagues20-21 exceeded this 

throughput limit by using a DNA origami bracket-shaped 
structure to clamp target molecules with constant force. 
However, the DNA origami clamp must be folded in a 
“tensed” state, and as such the force is static and cannot be 
synchronized or pulsed to observe the dynamic confor-
mation changes of target molecules. A shear-flow based 
method recently reported by Mao and colleagues demon-
strated ensemble unfolding of DNA. The shear flow gener-
ated by a homogenizer tip could unfold macromolecules 
over ~10 min timescales22. Nonetheless, a method that ena-
bles rapid on-demand mechanical unfolding of ensembles of 
target molecules is needed for time-resolved chemical 
measurements. 

A solution to this dilemma is to further parallelize force 
manipulation by many orders of magnitude and to synchro-
nize the application of force to allow for analysis using time-
resolved spectroscopy. Such methods are commonly used 
to study the conformational dynamics of ensembles of mol-
ecules by collecting spectroscopic signatures following a 
sudden (ns to μs) perturbation. For example, in a tempera-
ture-jump (T-jump) experiment, a pump laser pulse drives 
a transient increase in temperature while a second probe 
laser (e.g. fluorescence or IR)  is used to interrogate the 
sample. T-jump IR and T-jump fluorescence are ideally 
suited to interrogate DNA hairpin and protein unfolding dy-
namics23-25 as well as the motions of protein active sites26, 
but these methods  are rarely combined with force manipu-
lation27. Indeed, no time-resolved techniques currently ex-
ist for triggered application of pN forces to ensembles of 



 

molecules because of the inherent challenges of low 
throughput and low temporal resolution in conventional 
SMFS. 

To meet this challenge, one needs to meet three design 
goals: 1) generating a nanoscale force actuator that func-
tions in solution,  2) linking target molecules to this force-
generating actuator via bottom-up synthesis,  3) engineer-
ing the force actuator such that it can be triggered rapidly 
(ns to μs) to apply pN forces, and achieving these three goals 
at molecular yields that allow for integration with chemical 
analysis tools. Here we report the development of the 

origami-polymer force clamp (OPFC), which provides a 
highly parallelized approach to mechanical spectroscopy 
that can be interrogated with chemical spectroscopy.  

RESULTS AND DISCUSSION 

Design and assembly of the origami polymer force 
clamp (OPFC). The key innovation satisfying the design 
goals outlined above is the use of a DNA origami “beam” 
platform, which serves as a programmable nanoscopic sub-
strate to spatially organize target molecules and to 

Figure 1. Origami-polymer force clamp (OPFC). (a) Representative TEM image of OPFC. (b) Schematic of OPFC 
showing DNA hairpins assembled between pNIPMAm polymer particle and origami 16 helix bundle (16HB) beam via 
a-a*/b-b* DNA hybridization. (c) Target molecules are symmetrically positioned on the beam to ensure homogeneous 
force magnitude, orientation, and extension. 10 crosslinks are added to increase the yield of assembly. (d) Tempera-
ture-dependent fluorescence measurements of DNA hairpins (red curve) compared to mechanical unfolding of the 
same hairpin using OPFC (blue curve). (e) Control structure lacking stem-loop shows no fluorescence enhancement at 
45°C (yellow curve). (f) Flexible origami structure (Δ32) shows dampening of unfolding signal (green curve). (g) Force 
of the OPFC is tuned by changing the position of hairpins on DNA origami beam. L10nm shows minimal signal enhance-
ment compared to L110nm suggesting less mechanical stress is transmitted to hairpins at the center of beam. The plot 
on the right in d-f highlights the inset from 30-60°C. Error bars in each curve show standard deviation of n = 3 exper-
iments. The fluorescence intensity was acquired at 575 nm from temperature-dependent fluorescence spectra. 



 

conjugate these molecules with the force-generating actua-
tor. We chose DNA hairpins as the target because of their 
well-characterized unfolding trajectory and mechanical 
properties28. Our basic design of the OPFC is illustrated in 
Fig. 1. Briefly, 500 nm thermoresponsive polymer particles 
(pNIPMAm) were decorated with single-strand oligonucle-
otides (b* ) (Fig. 1a–c). Particle diameter is reduced by 50% 
upon heating above a transition temperature, thus generat-
ing a mechanical input. The DNA strands on the particle sur-
face function as anchors to crosslink to their complemen-
tary oligonucleotides (b) on the rigid origami beam (Figure 
S1&2). We selected a 16-helix bundle origami beam based 
on modeling that factored in the tradeoff between the rigid-
ity of the beam and its dimensions (Note S1). The target 
molecules (DNA hairpins) were modified with two orthog-
onal handles (a and b) such that the target molecules were 
immobilized site specifically between the origami beam and 
the polymer particle. Placing target molecules symmetri-
cally on the 16HB is vital to ensure homogeneous mechani-
cal perturbation of target molecules in force magnitude, ori-
entation, and extension (Fig. 1c). We also placed a total of 
six target molecules on each origami beam to enhance the 
signal/noise. Engineering ten b-b* crosslinks between the 
actuator and the origami was also important, as it boosted 
OPFC yield (Figure S2). DNA handles a-a* and b-b* were 18 
and 21 bp in length, respectively, and designed with mini-
mal secondary structure, high Tm, and a mechanical shear-
ing force of ~50-60 pN29. Akin to the DNA handles used in 
optical and magnetic tweezer experiments28, 30-31, OPFC 
DNA handles must withstand forces transmitted between 
the polymer particle and the origami platform without sig-
nificant rupture (Fig. 1c). To assemble OPFCs, 16HB ori-
gami scaffolds (> 90% yield)32-33 were first loaded with tar-
get molecules, and then hybridized to actuator particles to 
form the final structure (overnight, room temperature). 
Electron microscopy confirmed the successful assembly of 
OPFCs (Fig. 1a). This interaction was highly specific, as con-
firmed by control and b decorated DNA-AuNPs (Figure S3). 
Using the extinction coefficient of the gold nanorod (AuNR) 
core within each OPFC (ε785 nm = 3.7×1010 M-1cm-1) 34 and the 
origami (ε260 nm= 1×108 M-1cm-1)35, we quantified the stoichi-
ometry between origami and polymer particle = 262 ± 15 
origami structures per particle (Figure S4). In a typical ex-
periment, we manipulate ~1012 target molecules loaded in 
~109 OPFCs.  

Ensemble unfolding of DNA hairpins using the 
OPFC. We next validated OPFC driven unfolding of target 
molecules using steady-state fluorescence measurements in 
bulk solution. As a proof-of-concept, we employed a stem-
loop DNA hairpin that was internally labeled with a fluoro-
phore (Cy3B) and a quencher (QSY9) that was hybridized to 
the anchor strands on the origami beam (Table S1-3). This 
fluorophore-quencher pair provided a sensitive readout of 
unfolding and we measured a ~730% increase in fluores-
cence upon heat- or duplex-induced hairpin opening (Fig-
ure S5 and S6). As a control, we measured the thermal melt-
ing profile of target DNA hairpins, which showed Tm1 = 64 ± 
0.23°C and Tm2 = 72 ± 0.06°C using double-Boltzmann sig-
moidal fitting (Fig. 1d, red curve). These Tm’s correspond to 
the thermal melting of the hairpin stem (62°C) and arms 
(72°C, Figure S6). Next, we assembled the OPFC with the 
target hairpin and then recorded its temperature-

dependent fluorescence spectra (Fig. 1d). We observed a 
similar spectra to the experiments using soluble hairpins 
but with the appearance of a new melting transition at Tm = 
45°C with an amplitude of 6% of the maximum intensity 
(Fig. 1d, blue curve). This new transition shows a clear dif-
ference compared to the soluble oligonucleotides in the 
temperature range from 45-60°C (Fig. 1d). After 60°C, the 
soluble and OPFC anchored hairpins show nearly identical 
profiles. We postulate that the signal generated between 
45-55°C is primarily driven by mechanical melting (unfold-
ing) of the target DNA appropriately crosslinked between 
the actuator and the origami beam. Confirming that the ac-
tuator drives force generation, we found that the transition 
temperature of the pNIPMAm particles = 45°C with a full 
width at half maximum (fwhm) of 8°C, consistent with the 
range of temperatures showing differential unfolding be-
tween OPFC and soluble hairpin (Figure S7). To further val-
idate that the OPFC mechanically unfolds hairpins, we per-
formed several control experiments by taking advantage of 
the addressability of DNA origami design. First, we created 
fluorophore-quencher tagged OPFCs with the target stem-
loop structure removed, and in triplicate preparations 
found no fluorescence enhancement at 45°C (Fig. 1e). This 
confirms the mechanical unfolding signature at 45°C is the 
result of DNA hairpin unfolding. We next tested the assump-
tion that transmitting forces to the target requires a rigid 
beam. We removed a 32nt segment from the middle of the 
16HB (Δ32) to create a flexible region at the middle of the 
beam (Figure S8). The number of Δ32 origami beams on the 
actuators remained at ~255 ± 25. Confirming our assump-
tion, we observed a ~40% decrease in the mechanical un-
folding signal compared to the parent origami structure 
when heated to 45°C (Fig. 1f). To verify that force transmis-
sion requires direct covalent coupling between the hairpin 
and the actuator, rather than the possibility of physical en-
tanglement with the pNIPMAm hydrogel, we designed a 
zero-force control by re-positioning the hairpin to the op-
posite face of the origami beam which showed no notable 
mechanical unfolding signal in the 45-55°C window (Figure 
S9). Finally, we tested the force tunability of the OPFC by 
changing the position of hairpins on the DNA origami tem-
plate. As shown in Fig. 1g, no mechanical unfolding signal 
was observed in the 45-55°C window when the hairpin was 
moved to the center of the origami beam (L10nm-configura-
tion). Taken together, the steady-state fluorescence meas-
urements show that the OPFC transmits pN forces specifi-
cally to target molecules to drive parallelized mechanical 
unfolding. To the best of our knowledge, this represents the 
first example of a bottom-up synthesized material that can 
be externally triggered to apply pN forces to target mole-
cules on demand and in bulk solution.  

Time-resolved “force-jump” unfolding of DNA hair-
pins using OPFC. We and others previously showed that 
actuation of thermoresponsive nanoparticles has a time 
scale of τ50 = 10 μs (the average time to achieve 50% transi-
tion, Table S4)36. Given this fairly rapid rate of collapse, we 
asked whether OPFCs could enable time-resolved spectro-
scopic analysis of mechanical unfolding. To test this idea, we 
used a 1.91μm laser that triggers the synchronized collapse 
of actuators, thus mechanically perturbing the DNA hairpins 
while simultaneously recording the time-resolved fluores-
cence change. We dubbed this process as “force-jump” or F-



 

jump in analogy to the T-jump since our approach enables 
time-resolved spectroscopic analysis following a force 
pump of target molecules. Note that in our work the term 
“F-jump” represents an ensemble relaxation method that 
complements the “single molecule force-jump” optical 
tweezer technique introduced by Tinoco and Bustamante37. 
As shown in Fig. 2a, the F-jump was triggered by a Q-
switched Ho:YAG IR pulse that heats the local water solvent 
(~1 nL). In our setup, the strong IR absorbance of H2O gen-
erates a rapid 10°C T-jump in solution (instrument re-
sponse time was ~3 μs, Figure S10). This was confirmed by 
using a calibrated Rhodamine B reference sample (Figure 
S10)38-39. The fluorescence signal passed through a band-
pass filter and was collected by a photomultiplier tube. The 
final signal was digitized and averaged (3000 shots) using 
an oscilloscope. We selected a 10°C T-jump to accommodate 
the 8°C FWHM of the actuator transition while also mini-
mizing cavitation effects.  

To determine the force-induced dynamics of the hairpin, 
we directly compared the T-jump and F-jump responses of 
target hairpins (Fig. 2b). We first measured the equilibrium 

thermal melting profile of the target hairpins (Fig. 2c). 
These measurements provide the fraction of unfolded hair-
pins as a function of temperature which is related to the Keq 
and the ratio of the forward (ku) and reverse (kf) rates of un-
folding (Fig. 2c, Tm = 62°C; Figure S6). Next, a conventional 
T-jump measurement was used to determine the absolute 
values of the ku and kf rates of unfolding as a function of tem-
perature (Fig. 2d). Specifically, the rate of relaxation (kr), 
which is the sum of ku(0 pN, T) and kf(0 pN, T), can be deter-
mined by single exponential fitting of the T-jump as a func-
tion of the final temperature of the system (Fig. 2d). Using 
the relations shown in Fig. 2d, we determined the ku(0 pN, 
T) and plotted this as a function of 1/T to generate an Ar-
rhenius plot (Fig. 2e). As expected, we found that the rate 
of unfolding decreased exponentially as a function of 1/T. In 
theory, the ku(0 pN, T) and kf(0 pN, T) at all temperatures 
can be calculated using this approach. However, because no 
unfolding signal was detected in the T-jump when the Tfinal 
= 45°C (Fig. 2d), we extrapolated this value from the Arrhe-
nius plot as shown in Fig. 2e (ku(0 pN,45°C) = 151 s-1). No-
tably, when we extrapolate ku (0 pN, 25°C) we find that it 

Figure 2. Time-resolved fluorescence measurement reveals DNA hairpin relaxation dynamics and magnitude of the force 
on the OPFC. (a) Schematic showing the experimental setup used to perform time-resolved fluorescence relaxation meas-
urements. (b) Schematic comparing the F-jump and T-jump experiments. In the T-jump, a transient IR pump laser locally 
heats the sample and triggers thermal melting of the DNA hairpin. The F-jump triggers a phase transition in the OPFC 
which leads to mechanical melting of the DNA hairpin at the particle phase transition temperature. (c) Steady-state flu-
orescence measurements were used to generate a melting profile of the DNA hairpin and to determine K eq = ku/kf. (d) 
Representative time-resolved fluorescence plots showing hairpin relaxation dynamics at different final temperatures 
(Tfinal). Each color denotes a different final temperature. Solid line represents a fit to the raw data. Relaxation dynamics 
from this conventional T-jump measurement were used to determine the relaxation rate kr = ku+ kf of DNA melting. (e) 
Arrhenius plot of ku. The ku at 45°C was calculated by extrapolation of the Arrhenius fitting. The error bars represent the 
standard deviation from three independent measurements. (f) Plot comparing the F-jump (blue) and T jump (red) for 
the same hairpin when sample was pumped to 45°C. The solid line is a fit to the raw data. 



 

equals 0.017 s-1 which is similar to reported values for stem-
loop DNA hairpins with a 10-mer stem and 4 nt loop studied 
using optical tweezers 28. Finally, we performed the F-jump 
measurement with Tfinal = 45°C because this value reaches 
the actuator transition (transition temperature = 45°C), 
while minimizing thermal unfolding of the hairpin. Fig. 2f 
shows the time-resolved fluorescence signal for the F-jump 
and T-jump with ΔT = 10°C (from 35 to 45°C). Spectra with 
greater Tfinal are shown in Figure S11&12 for reference and 
show dynamics that match that reported by Ansari and oth-
ers for DNA hairpins, further corroborating our results40-41. 
At Tfinal = 45°C, we observed an increase in fluorescence 
with a single exponential relaxation time (τr) = 240 ± 104 μs 
following the force pump (Fig. 2f, blue).  

Importantly, performing time-resolved mechanical un-
folding measurements can also be used to infer the applied 
force. Steady-state measurement, like the ones shown in 
Fig. 1, indicate whether the force is above a threshold value, 
whereas the dynamics of force-induced unfolding can pro-
vide the magnitude of the force42. Therefore, we next sought 
to estimate the magnitude of the force and the relative ac-
celeration over thermal unfolding rates. As the Bell model 
predicts for an idealized two-state system42, the kf and ku are 
exponentially modulated under tension, and one can infer 
the applied force by measuring the force-induced change in 
kf and ku. Using literature measurements for similar hairpin 
structures28, we set the distances to the transition state, Δxu≠ 
and Δxf≠ as 4 nm and 5.1 nm. This allowed us to estimate the 

applied force = 3.4 ± 0.45 pN at 45°C (Note S2). Interest-
ingly, this calculated F value is lower than the calculated F1/2  
= 4.8 pN (45°C and 10 mM Mg2+) for this target hairpin 
which is the equilibrium force that leads to a 50% probabil-
ity of unfolding. This may explain the strength of the signal 
in Fig. 1. Certainly, greater forces can be obtained at higher 
temperatures that promote full collapse of the actuator (e.g., 
Tfinal ~ 55°C), but as shown in Fig. 1 and Fig. 2c-d, hairpin 
thermal melting becomes appreciable at greater tempera-
tures.   

OxDNA simulation of the OPFC. To further validate 
these experiments and provide an estimate of the applied 
force magnitude, and to assess the effects of origami bend-
ing under the applied forces, we simulated the OPFC system 
with a coarse-grained DNA model (OxDNA43-45, Note S3). 
Fig. 3a shows representative snapshots of each OPFC con-
figuration before and after particle collapse (T = 40 and 
55°C). The actuator-generated forces are transmitted to the 
origami beam through both the hairpins and linkers which 
cause bending of the beam toward the actuator. Although 
the force acting through each individual hairpin/linker is in 
the ~pN range (Fig. 3b), the sum of all such forces accumu-
lates and mediates beam distortion toward the particle (Fig. 
3c). Origami bending was quantified by drawing a line 
through the long axis of each half-beam. As expected, hair-
pins and linkers were initially roughly oriented radially to-
wards the center of the actuator. Upon actuator collapse 

Figure 3. Coarse-grained OxDNA simulations confirm that OPFC transmits pN forces to target molecules. (a) Representa-
tive snapshots from simulations of different OPFC configurations at low and high temperature (w/ and w/o application of 
force). (b) Plot of average force experienced by target molecules as a function of position along origami beam at low (blue) 
and high (red) temperature. Results of the Δ32 beam are plotted using triangles. (c) Plot of beam bending angle as a function 
of hairpin positioning at low and high temperature. The green dot shows bending angle for OPFCs applying force to ssDNA 
presenting all T bases. 



 

(55°C), the origami beam bends significantly as a result of 
the exerted forces. The average force experienced by the 
target molecule increased when the hairpin was positioned 
at the termini of the beam (from L10nm to L110nm Fig. 3b) in 
agreement with our experiments (Fig. 1d-g). In addition, 
the bending angle for beams decreased as we moved the 
hairpins from the center to the edges (L10nm to L90nm, Fig. 3c). 
This is because hairpins have greater span than the cross-
linking oligonucleotides which relieves some of the strain 
and reduces bending angle. Additionally, as the actuator 
shrinks, the hairpins and linkers in the center of the origami 
(red curve, L10nm and L30nm, Fig. 3b) tend to be in a state of 
compression rather than tension because of their proximity 
to the surface. Interestingly, we found that the bending an-
gle for L110nm deviates slightly from the trend and shows 
greater than expected bending of the origami beam. This 
may be because of the greater net effect of the three mainly 
closed hairpins compared to one linker when situated at the 
end. To verify the role of hairpin opening in controlling 
beam bending, we deliberately generated an all T base hair-
pin that is unable to fold. This structure showed signifi-
cantly reduced bending (18) (green dot, Fig. 3c), thus sup-
porting our hypothesis. We also simulated hairpin unfold-
ing of the flexible Δ32 origami structure. As expected, the 
Δ32 origami beams displayed greater bending angles and 
were bent at the hinge (Fig. 3a). Additionally, upon particle 
actuation, the angle of beam shifted from 13 ± 0.15° to 43 ± 
0.08. Because the Δ32 origami beam deforms to accommo-
date the mechanical collapse, the force experienced by the 
target molecules in this case was diminished (Fig. 3b). 
Taken together, OxDNA modeling aligns with the experi-
ments and suggests that the current design of the OPFC gen-
erates ~4-5pN of force on target molecules placed at the 
L110nm position and this value can be tuned by geometric po-
sitioning on the origami scaffold. 

Our work demonstrates time-resolved chemical meas-
urement of mechanical unfolding dynamics using a bottom-
up assembled OPFC. It mirrors the capabilities of the 
bracket-shaped clamp system20, providing the ability to un-
fold 1012 target molecules but with the additional ability to 
trigger the mechanical force on demand. It provides a novel 
route to bridge the gap between simulation and experi-
mental result. Nonetheless, the OPFC approach carries sev-
eral caveats. First, conventional DNA origami synthetic 
yields are difficult to extend beyond nM concentrations. 
This concentration is appropriate for fluorescence spectros-
copy, but higher amount and concentrations of OPFCs are 
desirable for Raman, IR, and NMR measurements as well as 
for improving the temporal resolution of time-resolved flu-
orescence spectroscopy (sub 100-nsec). Further advance-
ment in origami preparation techniques can potentially al-
leviate this limitation46. Secondly, the particle volume phase 
transition was triggered with an “outside-in” global heating 
pump which limits the OPFC collapse rate to the ~10 μs time 
scale. The particle collapse rate could be accelerated to τ = 
~100 ns if the OPFC was heated locally “inside-out” using 
the gold nanorod36. Increasing the collapse rate by two or-
ders of magnitude (as we have shown previously36), further 
enhances the loading rate of the OPFC. Loading forces of 1-
10 pN within ~10-100 nsec provide pulling speeds that 
match that of the time scales of molecular dynamics (MD) 
simulations47-48. The ultrafast AFM force spectroscopy 

techniques developed by Perkins and others have been 
transformative and the OPFC may offer complementary ap-
proaches to investigating unfolding trajectories48-49. Greater 
forces could be achieved using this system as long as the ori-
gami rod deforms minimally. Previous modeling suggests 
that 10HB origami beam will deform if forces exceed ~60 
pN at high loading rate (3.2 × 108 pN/s)50. To allow for 
greater forces and high loading rate, one would need to em-
ploy alternate origami designs with greater bending stiff-
ness as described in reports by William Shih et al.51 and Car-
los Castro et al52. In the present iteration, force exertion is 
tied to a temperature increase that drives the phase transi-
tion of the polymer force clamp. As a general guideline, the 
Tm of the biomolecule should be greater than the LCST of the 
polymer to minimize the probability of thermal denatura-
tion of the target. This may limit the types of biomolecules 
and mechanical unfolding transitions that are amenable to 
the OPFC strategy. Note however that the LCST can be tuned 
by varying the content of the thermoresponsive polymer 
and hence this offers a workaround for thermally sensitive 
target molecules53. 

CONCLUSION 

In summary, our work demonstrates a novel approach for 
mechanically manipulating ensembles of target molecules 
and then to record the ensuing unfolding response using 
spectroscopic chemical analysis. Typically, each OPFC sam-
ple manipulates 1012 target molecules that are loaded and 
assembled using a bottom-up strategy. This level of 
throughput is not accessible using parallelized force spec-
troscopy techniques and matches the throughput of the 
bracket-shaped clamp approach from Liedl and col-
leagues20. Additionally, the OPFC affords the ability to sepa-
rate the self-assembly step from the force loading step and 
to trigger the force loading at ultra-fast rates dictated by 
pump-probe techniques. Another key advantage of the 
OPFC is its amenability for integration with various spectro-
scopic analysis methods as well as the pump-probe family 
of techniques that provide a detailed readout of the molec-
ular conformation following the mechanical pulse.  
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