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Abstract: A new temperature-jump (T-jump) strategy avoids
photo-damage of individual molecules by focusing a low-
intensity laser on a black microparticle at the tip of a capillary.
The black particle produces an efficient photothermal effect
that enables a wide selection of lasers with powers in the
milliwatt range to achieve a T-jump of 65 8C within milli-
seconds. To measure the temperature in situ in single-molecule
experiments, the temperature-dependent mechanical unfolding
of a single DNA hairpin molecule was monitored by optical
tweezers within a yoctoliter volume. Using this bead-on-a-tip
module and the robust single-molecule thermometer, full
thermodynamic landscapes for the unfolding of this DNA
hairpin were retrieved. These approaches are likely to provide
powerful tools for the microanalytical investigation of dynamic
processes with a combination of T-jump and single-molecule
techniques.

Laser-induced temperature variation (T-jump)[1, 2] and single-
molecule techniques[3] are two invaluable methods to probe
the dynamics of physiochemical and biochemical processes.
However, these two techniques are not fully compatible with
each other. The high-intensity laser pulses that are employed
for T-jumps often cause photoinduced damage, such as
photobleaching or a permanent change of conformation,[4]

in a sample, particularly at the single-molecule level.[5] In
conventional T-jump techniques, a rapid change in temper-
ature is achieved by the photothermal effect of a specific laser
on solvent or dye molecules or micro- or nanoobjects in the
surroundings,[2, 6,7] which necessitates a careful matching of the
laser source and the heating material. To measure the
temperature, observables, such as the fluorescence or photo-
luminescence of dye molecules, are often used. Nevertheless,
these approaches are difficult to provide in situ temperature
information without interfering with the system of interest. To
reduce this interference, temperature profiles are often
characterized before the experiments, which adds uncertainty
to real-time temperature measurements. For single-molecule
investigations, however, it is desirable to follow the temper-
ature in situ and in real time as the transitions at this level are
stochastic and highly dynamic. To the best of our knowledge,

real-time and in situ temperature measurements have not
been achieved in single-molecule T-jump experiments.

We noticed that during the mechanical unfolding of
individual molecules, mechanical forces destabilize the chem-
ical forces, such as hydrogen bonding or van der Waals
interactions (the mechanochemical effect).[8] As the strength
of a chemical force is dependent on temperature, this
mechanochemical behavior is expected to be a function of
temperature as well. With this hypothesis in mind, we herein
describe a method for mechanochemistry-based thermome-
try, in which the temperature is monitored through the
measurement of the unfolding force (Funfold) of a single-
molecule probe. As a proof of concept, we used a DNA
hairpin structure (with a 10 base pair (bp) stem and
a 15 nucleotide (nt) loop) as a single-molecule thermometer
to measure the profile of a unique temperature-control bead-
on-a-tip (BOAT) module. The mechanical unfolding and
refolding of this hairpin is confined to a yoctoliter (10�24 L)
volume, thus providing a spatial resolution that cannot be
achieved with conventional thermometry.

The BOAT module was constructed by placing a particle
with a diameter of 600 nm to 3 mm at the tip of a capillary
(300–500 nm inner diameter) using suction (Figure 1a and c;
see also the Supporting Information, Section S1 and Fig-
ure S1). A variety of black materials, such as carbon spheres
and metallic and magnetic particles, which efficiently absorb
light of a wide range of wavelengths, could be used as the
bead. When a low-intensity laser is focused on the black
particle, the highly efficient photothermal effect heats the
bead, which leads to heating of the surroundings irrespective
of the medium type (aqueous or organic). As the low-
intensity laser is focused on the bead instead of the sample,
photodamage is minimized.

To measure the temperature profile of the BOAT module
using the mechanochemical properties of a single molecule,
we placed the BOAT module close to the two optically
trapped beads between which the DNA hairpin thermometer
was tethered through affinity interactions (Figure 1b and c;
see also Section S2–S4 and Figure S2). To reveal the relation-
ship between the mechanical stability of the hairpin and the
temperature, we first measured the rupture force, Funfold, of
the hairpin during the rupture event, which was observed in
a force–extension (F–X) curve in the absence of laser
illumination of the BOAT module. Whereas Funfold represents
the mechanical stability, the size of the rupture event is
depicted by the change in contour length (DL, Figure 1d,
“BOAToff”; see also Section S4). The observed Funfold and DL
were consistent with previous studies on similar DNA hair-
pins[9] (Section S4 and Figure S3). When a 532 nm laser
(10 mW) was focused on the BOAT module, Funfold of a hairpin
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located 1 mm away from the BOAT decreased significantly
(10.4� 0.3 vs. 3.4� 0.2 pN), whereas DL remained constant
(Figure 1e, “BOATon”; see also Section S5 and Figure S4). A
control experiment in which a non-heating polystyrene
particle was illuminated by the same laser did not show
significant change in Funfold (Section S5 and Figure S4), con-
firming that the decrease in Funfold was solely due to the heat
generated by the BOAT module. The unfolding–refolding
processes and the hysteresis area between the stretching and
returning F–X curves (Figure 1d, “BOAT off” and Figure 1e,
“BOAT on”) clearly demonstrated that the transition pro-
cesses became faster when the BOAT was turned on by the
532 nm laser. These results reflect the unique and highly
sensitive response of the DNA hairpin to the temperature
variation.

To explore the potential of the DNA hairpin as a single-
molecule thermometer, we first measured its unfolding force
at different temperatures, which were maintained by resistive
heating.[10] Whereas DL remained unchanged, we observed
a non-linear relationship between the unfolding force and the
temperature (Section S6 and Figure S5), which is consistent
with previous studies.[11] Next, using this calibrated Funfold–T
relationship, we determined the temperature at different
locations around the BOAT module by measuring Funfold of
the DNA hairpin at each position (Figure 2a and b). The
accuracy of this temperature measurement was validated by
the fact that the observed temperature profile is in good
agreement with the theoretical prediction (Figure 2b), T(r) =

T(0)�Q/4pkr, where T(0) and T(r) are the temperatures at the
particle surface and at a distance r, respectively, Q is the heat

dissipated from the BOAT, and k is the thermal conductivity
of the medium.[7] Our results showed that when a 1 mm
magnetic particle was illuminated by a 532 nm laser with
a power of 10 mW, the temperature was 65 8C at the surface of
the BOAT and 45 8C 1 mm away from the BOAT (Figure 2b).
We also observed that the temperature at a particular location
increased with the size of the magnetic particle or the power
of the laser (Figure S6). For example, a 2.8 mm magnetic
particle was able to induce a temperature of 45 8C 1 mm away
from the BOAT using a 6 mW 532 nm laser. At laser powers
of � 15 mW (for a 1 mm magnetic particle) and � 10 mW (for
a 2.8 mm magnetic particle), temperatures can reach the
boiling point of the medium as bubbles started to appear.
These results suggest that the BOAT module is able to
achieve T-jumps anywhere between ambient temperature and
the boiling temperature of the medium in the range where
most biochemical processes take place.

Next, we investigated the temporal resolution of the T-
jump using the single-molecule thermometer. First, the folded
state of the DNA hairpin was populated by clamping this
molecule at 4 pN 1 mm away from the BOAT module (at 4 pN,
kfold and kunfold are 0.58 s�1 and 6.2 � 10�6 s�1, respectively; see
Figure S7). When the BOAT was illuminated with a 10 mW
532 nm laser (Figure 2c, upper traces), the temperature
increased to 43 8C, which led to unfolding of the hairpin at
4 pN (Funfold = 3.6� 0.2 pN at 43 8C). On the other hand,
turning off the laser immediately refolded the hairpin. When
we moved the hairpin 10 mm away from the BOAT or used
a non-heating polystyrene particle as the BOAT, such
unfolding–folding transitions (hopping) were not observed

Figure 1. BOAT module and single-molecule mechanochemical ther-
mometry. a) BOAT module. b) Experimental setup of the BOAT-inte-
grated optical tweezers. c) Images of a capillary tip, a 1 mm BOAT
module, and a BOAT module with two optically trapped beads. The
black and white arrowheads indicate the beads that are coated with
streptavidin (1.9 mm) and anti-digoxigenin antibody (2.1 mm), respec-
tively. d, e) Typical stretching (c) and relaxing (c) force–extension
curves of the hairpin located 1 mm away from the BOAT without (BOAT
off; d) and with (BOAT on; e) laser illumination (10 mW, 532 nm). The
unfolding and refolding processes of the hairpin are depicted by black
and gray arrowheads, respectively.

Figure 2. T-jump of the BOAT module measured by single-molecule
mechanochemical thermometry. a) The unfolding force (Funfold) of the
DNA hairpin thermosensor at various locations away from the BOAT
(*: BOAT on; *: BOAT off; ^: control). b) The temperature profile of
the BOAT module (*) agrees well with the theoretical prediction
(c). c) The top panel and the enlarged region (right) depict the time
traces (c) of the folding or unfolding process of the DNA hairpin
that is located 1 mm away from the BOAT module at 4 pN in response
to the on or off state of the BOAT module, which is depicted by the
laser intensity (c). Hopping of the hairpin that is located 10 mm
away from the BOAT is not observed irrespective of the BOAT
illumination (bottom). d) Histograms of the transition time (t) for the
heating (c, 5�1 ms) and the cooling (c, 9�1 ms) cycles of the
BOAT module. The Gaussian curves are fitted to the histograms.
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(Figure 2c, lower traces), which confirmed that it was the
temperature variation that changed the hopping behavior of
the hairpin. Kinetic measurements revealed time constants of
5� 1 ms and 9� 1 ms (Figure 2d) for the heating and cooling
T-jumps, respectively. As each transition involves two pro-
cesses, the change in temperature and the unfolding or
refolding of the hairpin at 4 pN, our measurements indicate
that these values (5 and 9 ms) only represent the maximum
response times for the T-jump. To determine the exact
response time of the BOAT module, detectors with higher
temporal resolutions and molecules with faster folding–
unfolding transitions are required.

To confirm the temperature measurements by the mecha-
nochemical thermometer and to demonstrate the potential of
the BOAT module for microanalysis, we employed a thermo-
sensitive polymer, poly(N-isopropylacrylamide) (PNIPAM),
that undergoes a transition between insoluble (globular) and
soluble (random coil) forms at the lower critical solution
temperature (LCST).[12] We introduced an aqueous PNIPAM
solution (1%; LCST= 32 8C) in a microfluidic channel and
used a 1 mm magnetic particle as the BOAT (Figure 3a and b).

Within 30 ms after the 532 nm laser (8 mW) was turned on,
insoluble PNIPAM particles appeared in a shadow of a sphere
centered on the heated particle, which coalesced into
a homogenous PNIPAM-rich plume around the BOAT
module with a clear boundary against the surrounding
medium. The plume reached an equilibrated size at approx-
imately 15 s. Control experiments in the absence of BOAT or
with the 532 nm laser focused on a non-heating polystyrene
particle did not produce such a plume, which confirmed that
the plume surrounding the BOAT was due to the temperature
increase rather than the laser effect. When the heating laser
was turned off, the PNIPAM-rich plume immediately dis-

solved within 60 ms because of the sudden and homogeneous
decrease in temperature.

The clear interface between the PNIPAM plume and the
aqueous solution represents the phase boundary that is
defined by the LCST, which was determined to be 32.5�
0.5 8C by turbidity measurements. This observation allowed
us to probe the temperature profile of the BOAT module by
measuring the equilibrated position of the plume boundary.
For this purpose, we mixed Na2CO3 (0–150 mm) into 1%
PNIPAM solutions, which provided different LCSTs from
32.5 8C to 25 8C.[13] We performed two sets of experiments;
either the power of the 532 nm laser was varied while using
a solution with a particular Na2CO3 concentration, or the
Na2CO3 concentration was changed while the laser power was
kept the same (Figure 3c; see also Section S8 and Figures S10
and S11). By measuring the equilibrated (at � 30 s) phase
boundary position of the PNIPAM plume from these two sets
of experiments, we obtained the temperature profile of the
BOAT (Figure 3d; see also Section S8 and Figures S10 and
S11). Although the size of the plume depends on the BOAT
size (1 vs. 2.8 mm), the type of the BOAT material (magnetic
vs. carbon), and the power of the 532 nm laser (2–10 mW), the
temperature profile obtained here agreed well with that
measured with the single-molecule thermometer (see also
Section S8 and Figures S6 and S12).

Because of the efficient photothermal effect of a micro-
meter-sized black particle, a temperature gradient as steep as
approximately 20 8C mm�1 has been established around the
BOATwithin milliseconds using a laser with a power as low as
6 mW (Figure S6), which is comparable to that of a hand-held
laser pointer. This thermal gradient is approximately 20 times
steeper than those achieved by traditional T-jump
approaches.[14] The concept of heating through black micro-
particles may be extended beyond the BOAT setup. For
example, similar T-jump profiles were obtained when a 2.8 mm
black bead was placed on a glass surface (see also Section S9
and Figures S13 and S14). However, because of surface
interference, the trapping of particles for mechanical force
measurements becomes challenging. The microparticle in the
BOAT not only allows easy integration into a lab-on-a-chip
device, but also produces localized heat that minimizes
thermal drift in optics. For force-based single-molecule
experiments that require multiple optical components, the
BOAT module provides an opportunity to carry out a rapid
and large-scale temperature variation for the first time.

Unlike fluorescence-based thermosensors,[15] which suffer
from background noise and succumb to photobleaching
during the T-jump,[2] this mechanochemical thermometer
hardly interferes with its environment as the system is isolated
by the levitated particles. The use of low-intensity lasers and
the avoidance of direct laser focusing on a sample drastically
reduce the photodamage to the sample. The durability of the
single molecule thermometer was demonstrated by the fact
that despite of continuous illumination of the BOAT with the
532 nm laser for hours, unfolding and refolding transitions of
the DNA hairpin were not compromised, even in a solution
without an oxygen scavenging system.[5, 9] A particular
advantage of this single-molecule thermometry is the spatial
resolution. For the DNA hairpin employed here, the tran-

Figure 3. Temperature profile of the BOAT module measured by the
phase transition of PNIPAM. a,b) Schematic representation (a) and
microscope image (b) of the thermal gradient trap generated by the
BOAT module that captures the PNIPAM-rich phase around the BOAT
module. The phase boundary depicts the temperature equivalent to
the LCST of the polymer. c) The size of the PNIPAM plume and the
LCST vary with the ionic strength of the solution. d) The temperature
profiles for different laser powers are in good agreement with the
point-source steady-state heat transfer equation (c).
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sition between the folded and unfolded states occurs within
a distance of 15 nm (Figure 2c and 4a). Given that the width
and the length of the hairpin are 2 and 6 nm, respectively,[16]

the volume in which the unfolding–refolding of this hairpin
takes place is in the sub-yoctoliter range (0.2 � 10�24 L). Such
a spatial resolution far surpasses that of most conventional
temperature measurements that allow for in situ temperature
measurements in single-molecule experiments. On the other
hand, the temporal resolution and the temperature response
range of the mechanochemical thermometer can be flexibly
adjusted by using DNA hairpins with different unfolding and
refolding rates.[9, 17]

The advantages of our platform for single-molecule
experiments have been well exploited in the investigation of
the folding and unfolding processes of the same DNA hairpin
at 23–43 8C. When we increased the temperature by moving
the hairpin closer to the BOAT module, the force at which the
probability of the folded and unfolded states is equal (F1/2)
decreased significantly while the hopping rate of the hairpin
increased (Figure 4 a). Fitting these hopping data to a two-

state hidden Markov Model (HMM)[18] at various temper-
atures (Figure 4a) revealed that the unfolding and refolding
transitions of the hairpin at F1/2 were about 120 times faster
with an increase of 20 8C in temperature (see also Table S2).

Next, we deconvoluted the folded and unfolded hairpin
populations shown in Figure 4a using point spread functions
(PSF; see also Section S7 and Figure S8).[9] Based on the
Boltzmann distribution of these deconvoluted populations,
we then retrieved the full unfolding free-energy (Gunfold)

landscape of the hairpin at 0 pN from 23–43 8C (Figure 4b, see
also Section S7 and Figure S8).[9] The accuracy of this
approach has been validated by an excellent agreement of
DGunfold obtained from this treatment and that from conven-
tional UV melting experiments (see also Section S7, Table S4,
and Table S5). A comparison of these free-energy landscapes
revealed that the energy barrier decreases with temperature,
which is in full agreement with the changes in kinetic rates.
Using the Gibbs–Helmholtz equation, we further calculated
the change in unfolding enthalpy (DHunfold) between a partic-
ular state along the coordinate (Lunfold) and the fully folded
state, from which the change in entropy of unfolding (DSunfold)
was obtained (Section S7 and Figure S9). By setting the fully
folded state as a reference point, DHunfold and DSunfold were
then used to construct the unprecedented full unfolding
enthalpy and entropy trajectories, respectively (Figure 4c).
The shapes of all three thermodynamic trajectories look
similar with maximum values around the transition state,
which indicates that the folding of the DNA hairpin is
enthalpy-driven throughout the whole process. Compared to
previous mechanochemical studies that used force to manip-
ulate the unfolding or refolding process of a biomolecule, our
BOAT-integrated platform offers an additional dimension,
namely temperature, to the system. This allows the multi-
variable description of a dynamic process using mechanical
and thermal parameters (Figure 4a).

In summary, we have successfully combined two tech-
niques, T-jump and single-molecule mechanical unfolding, to
investigate the transition dynamics of biomolecules. By
exploiting the highly efficient photothermal effect of black
microparticles and the mechanochemical properties of
a single DNA hairpin molecule, we have varied temperature
within milliseconds and measured this variation within
a yoctoliter volume. With this method, we were able to
retrieve full landscapes of all of the three thermodynamic
parameters, G, H, and S, for the unfolding transitions of
a DNA hairpin. Phase transitions of a thermoresponsive
polymer, PNIPAM, were also investigated in a microanalysis
setting, demonstrating a potential application of this
approach in lab-on-a-chip systems. Given the pivotal impor-
tance of temperature in various chemical, physical, and
biological processes, we anticipate that this simple and
generic BOAT platform integrated with single-molecule
thermometry could offer new possibilities to understand
these processes at the microscopic level.
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