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ABSTRACT: Self-propelled micro- and nanoscale motors are
capable of autonomous motion typically by inducing local
concentration gradients or thermal gradients in their surround-
ing medium. This is a result of the heterogeneous surface of the
self-propelled structures that consist of materials with different
chemical or physical properties. Here we present a self-
thermophoretically driven Au−silica Janus particle that can
simultaneously stretch and partially melt a single double-
stranded DNA molecule. We show that the effective force acting
on the DNA molecule is in the ∼pN range, well suited to probe
the entropic stretching regime of DNA, and we demonstrate that the local temperature enhancement around the gold side of the
particle produces partial DNA dehybridization.
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Self-propelled nano- and micrometer structures, capable of
converting energy into directed motion, have shown great

potential in a broad range of applications ranging from
biomedicine to environmental remediation.1,2 Specifically,
self-powered micromotors have already proven capable of
delivering cargo molecules to desired locations,3 drilling a hole
into soft tissues,4 and even transporting themselves toward
fixed cancer cells to subsequently kill them.5 The accurate
motion control of these self-propelled colloids often depends
on their anisotropic response to their chemical environment,
creating a local gradient or field that drives their motion.
Asymmetric particles that present two sides of different
materials in their composition are typically called Janus
particles. While some applications require fully autonomous
navigation mechanisms so that the Janus particles can reach
specific target locations, i.e., control of rotational and
translational diffusion, others use external magnetic or electric
fields to control the orientation and propulsion direction of the
particles. For example, using a highly defocused and weak
illumination beam in combination with feedback loops, it is
possible to control the active Brownian motion of metal−
dielectric Janus particles in both space and time.6,7 Essentially,
the metal-coated hemisphere of the Janus particle absorbs light
and heats up more efficiently than the other hemisphere, which
results in a local temperature gradient that drives the particle
motion by self-thermophoresis. On the other hand, it is also

possible to combine thermophoretic forces with optical forces
to control the motion of Janus particles.8 Our group has
recently shown the ability to control the self-propelled motion
of silica micrometer-sized particles half-functionalized with a
thin layer of gold using a highly focused laser.9,10 In our
configuration, the axial propulsion mechanism of the Janus
particle in the optical trap is achieved by self-thermophoresis,
while the optical forces acting on the particle determine the
rotational orientation and directionality of the motion of the
particle inside the optical trap. Hence, thermophoretic forces
only control the degree of the axial motion. In fact, we
demonstrated that the axial position of the Janus particle in the
optical trap is not fixed, but it depends on the laser power; as
such, we envision that it can be used as a highly sensitive force
transducer with an additional heating capability.
Optical tweezers have become a powerful tool for

manipulating a variety of micro- and nanoscale objects, such
as dielectric particles,11 gold nanoparticles,12−15 and cells,16

providing unprecedented insights into the structure, mechanics,
conformational transitions, and function of biological macro-
molecules.17−20 Several variations to the standard optical
tweezers technique have been used to study the mechanical
properties of single DNA molecules, including the tethered
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assay,21 the two-bead assay,22 angular optical trapping,23 and
active position clamping.24 In fact, optical tweezers have also
proven useful to study DNA hybridization kinetics when
combined with plasmonic heating in an optical trap.25 In these
configurations, the DNA molecule is usually stretched by
laterally moving the trapped particles with respect to the axis of
the optical trap. The versatility and precision afforded by these
lateral displacements can, however, be sometimes accompanied
by geometrical artifacts, i.e., rotation instead of lateral
displacement when the DNA molecule is pulled under oblique
angles. Therefore, alternative approaches to axially pull single
molecules inside an optical trap can become useful to minimize
these effects when studying short DNA molecules. Indeed,
while many of the standard manipulation techniques, notably
atomic force microscopy and optical and magnetic tweez-
ers,26,27 have been developed into mature and commercially
available instruments, there still is a strong need for alternative
strategies to enhance and broaden the toolbox of single-
molecule techniques. Examples of recently developed ap-
proaches to manipulating individual molecules include
centrifugal force application,28 acoustic force spectroscopy,29

optical “pushing”,30 and a “DNA pulley”.31 The ability to
achieve continuous and directed motion on the nano- to
micrometer scale through externally controlled electric,
magnetic, or acoustic fields could open up a range of
applications to single-molecule manipulation in biological
systems. Here, we use active plasmonic self-propelling micro-
meter-sized particles to stretch and also simultaneously heat
individual macromolecules. As a proof-of-concept, we exper-
imentally prove this approach on double-stranded DNA
(dsDNA) molecules, whose stretching response has been
described in detail in a large number of publications and which
provide a well-characterized test system.17,32

■ RESULTS AND DISCUSSION

Figure 1 illustrates the principle of the self-propelled motion of
our gold−silica micrometer-sized Janus particles, which are
synthesized by thermally evaporating a thin layer of gold over a
monolayer of 1.3 μm silica spheres (Methods and Figure
1a).9,10 Au−silica Janus particles are optically trapped with an
IR laser beam that also acts as the energy source for the heat
generation (Figure 1c, left). While heat generation by water
absorption of a 1064 nm laser light is negligible (∼0.2 K) in the
range of trapping laser powers used in our experiments (<20
mW),33 the gold cap of the particle efficiently absorbs the light
of the trapping laser (Figure S1), increasing the surface
temperature of the gold hemisphere. The symmetry breaking
induced by the temperature gradient between the gold and
silica hemispheres of the particle allows it to self-propel inside
the optical trap. Particularly, Janus particles self-propel against
the direction of the beam propagation. The directionality of the
motion is a result of the orientation of the particle in the optical
trap, with the gold layer facing in the direction of the beam
propagation. The orientation of the particle is determined by
the scattering force, which is stronger in the gold-coated
hemisphere and pushes the particle toward the direction of the
beam. To counteract the thermal gradient, the Janus particle
moves in the opposite direction from the gold hemisphere.
Ultimately, the particle reaches a stable trapping position above
the optical focus, which is determined by the balance of the
thermophoretic and the optical forces acting on it (Figure 1c,
left).

We stretch single dsDNA molecules with self-thermophoreti-
cally driven micrometer-sized gold−silica Janus particles
(Figure 1). The Janus particle, which is optically trapped and
tethered to a 3-μm-long dsDNA molecule (Figure 1b), acts as a
handle for exerting controlled forces on the DNA. The dsDNA
molecule is attached with one end to the surface of a glass
substrate, via a digoxigenin−antidigoxigenin (DIG−antiDIG)
linkage, and with the other end to the gold hemisphere of the
particle, via a thiol bond (Figure 1c, right, Methods and S2). To
optically trap and record the motion of the DNA-tethered Janus
particle, we employed a custom dark-field microscope setup
coupled with a 1064 nm CW laser (Methods). We differentiate
tethered and untethered Janus particles by observing their
Brownian motion. Once a tethered particle is identified, we
optically trapped it and gradually increased the power of the
trapping beam to study the response of the bound DNA
molecule. We recorded videos of the white light scattering
pattern of the Janus particle to determine the height of the
particle in the optical trap and hence the length of the DNA
extension using an in-house MATLAB routine.10

The elevation of the DNA-tethered Au−silica Janus particle
above the focus of the trapping beam is a result of the balance
between the trapping laser power and the DNA stretching

Figure 1. (a) Representative SEM image of a gold−silica Janus
particle. The electron micrograph of the Janus particle shows the gold
surface roughness. (b) Gel electrophoresis image of a molecular weight
ladder and the reaction product from the dual-functionalized dsDNA
PCR reaction. (c) Schematic representation of our thermophoretic-
force optical tweezers configuration and force diagram illustrating the
axial main forces acting on free and DNA-tethered optically trapped
gold−silica Janus particles. A gold−silica Janus particle is either free in
solution or tethered to a glass surface by a 9 kbp (∼3 μm contour
length) dsDNA molecule, and it is optically trapped by a focused laser
beam. The DNA tether is attached via digoxigenin and antidigoxigenin
interaction on the glass surface and via a thiol bond to the gold face of
the particle. For free Janus particles, the thermophoretic force, Fth,
balances the optical forces from the laser−particle interaction, Fop.
However, for DNA-tethered particles, the resultant tension force of the
tether shifts the particle from its stable trapping position at hfree to
hDNA. The DNA molecule is thus subject to a restoring force, FDNA,
given by the difference between the thermophoretic and optical forces
at the DNA-tethered particle height. The gravitational and buoyancy
forces are negligible and are therefore not shown in the diagram for
clarity.
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response (Figure 1c, right). Figure 2a displays the power-
dependent height, h, of a free (gray squares) and a DNA-

tethered (red circles) Au−silica Janus particle with respect to
the surface of the glass substrate. Free Janus particles elevate as
a function of the trapping laser power as previously studied by
our group.9,10 In the low laser power regime, between 3 and 5
mW, the height of the free Janus particle increases in a nearly
linear fashion with the laser power. This behavior is a result of
the forces acting on the system: optical, thermophoretic, and
sedimentation forces (see S3). However, at a critical height
value of ∼5 μm the Janus particle experiences an abrupt jump
(Figure 2a). The jump of the Janus particle in the optical trap
has also been previously characterized, and it is the result of
approaching a secondary stable trap positioned above the focus
of the laser beam.9 Once the Janus particle reaches this
secondary trap, it increases smoothly with the laser power in a
similar fashion to the behavior observed before the jump. In
contrast, the height power dependency of the DNA-tethered
Janus particle displays a markedly different behavior (Figure
2a). The height of the DNA-tethered Janus particle increases

approximately linearly with the laser power until reaching a
plateau at a height of ∼3 μm. This level height is consistent
with the known stretching response of DNA17,34 and the
contour length of our DNA construct of 3 μm (Figure 1b).
Even after the power of ∼5 mW is surpassed (power at which
the free Janus particle jumps), the tethered particle remains
near the primary trap anchored to the glass substrate with an
almost completely extended DNA tether (Figure 2a, green and
red highlights). For higher laser powers, >10 mW, the DNA
tether eventually ruptures and the Janus particle elevates to the
secondary trap, consistent with the behavior of the free particle
(Figure 2a, yellow highlight). While the data shown in Figure
2a correspond to a representative measurement of a single
DNA-tethered and a single free Janus particle, we consistently
observed the same height laser power response in repeated
measurements on different particles (Figure S3).
To provide more physical insight into the stretching behavior

of a dsDNA molecule tethered to a self-propelled Janus particle,
we translate our set of experimental data (Figure 2a) into
force−extension curves by estimating the force exerted by the
Janus particle to the DNA molecule (i.e., thermophoretic and
optical forces, Figure 1c, right). The axial optical forces acting
on free and/or DNA-tethered Janus particles, Fop, are
proportional to the axial displacement of the particle above
the focus of the trapping beam, Δh,

= − ΔF k hzop (1)

where kz is the axial trap stiffness, and it is a function of Δh and
the power of the trapping beam. Similar to the optical tweezers
configurations,35 the axial trap stiffness can be determined by
the axial thermal fluctuations of the particle in the optical trap.
In our experimental conditions, we found that the measure-
ment of the transverse displacement of optically trapped Janus
particles is much more precise than the measurement of their
axial displacement. Specifically, we estimate an error of ∼10%
for the accuracy of the axial position versus an error of ∼3% for
the accuracy of the transverse ones. Therefore, we assessed the
axial trap stiffness of free and DNA-tethered Janus particles, kz,
by experimentally establishing the radial trap stiffnes, kr (see S5
for a detailed derivation),

ω λ≈k f R k( , , )z 0 r (2)

where f can be determined using the experimental values of the
radius of the particle, R, the trapping wavelength, λ, and the
beam waist in the focal plane, ω0. For a well-aligned optical
tweezers system, the trap is radially symmetric, and the radial
spring constant is associated with the time-averaged potential
energy in the x- and y-dimension,

δ δ
δ δ

=
+

k
x y

x y
k Tr

2 2

2 2 B
(3)

where δx and δy are the deviations in the x- and y-directions,
respectively, kB is Boltzmann’s constant, and T is the absolute
temperature. As an example, Figure 3a displays typical x- and y-
temporal traces of a free optically trapped Janus particle. The
similarity between the two traces reflects the radial symmetry of
our system. Finally, by combining eq 1, 2, and 3, we
experimentally determine the optical forces acting on free
and/or DNA-tethered Janus particles,

δ δ
δ δ

= −
+

ΔF
x y

x y
fk T hop

2 2

2 2 B
(4)

Figure 2. (a) Height of a DNA-tethered (red circles) and a free (gray
squares) Au−silica Janus particle as a function of the trapping laser
power. The contour length of the DNA construct is 3 μm and
indicated by the dashed line. (b) Schematic representation of the three
different color-coded regimes observed in (a) for the DNA-tethered
Au−silica Janus particle experiment. The DNA-tethered particle
elevates in the optical trap until reaching a plateau height equal to
the DNA contour length (maximal extension). The DNA-tethered
particle ruptures at higher laser powers.
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where Δh corresponds to the axial displacement of either free,
Δhfree, or DNA-tethered particles, ΔhDNA, from the focal plane
of the trapping beam. To ascertain the thermophoretic forces
acting on optically trapped free and DNA-tethered Janus
particles, we consider the balancing forces on both systems
(Figure 1c). Stable trapping of free Janus particles is achieved
when the optical forces acting on the particle are equal and
opposite to the thermophoretic force. Hence, the thermopho-
retic force acting on free optically trapped Janus particles, Fth

free,
is given by

| | = | | = | Δ |F F fk hth
free

op
free

r
free

free (5)

The thermophoretic force is only determined by the self-
generated temperature gradient around the Janus particle,
which is proportional to the beam intensity (Figure S4), and
the nature and concentration of the ions in the medium,
defined by the buffer.10 To rigorously convert the thermopho-
retic force between the free and the DNA-tethered, Fth

DNA, Janus
particle, we must account for the height differences between the
two systems at a given laser power, such that

=
+ Δ
+ Δ

F F
z h

z hth
DNA

th
free 0

2
free

2

0
2

DNA
2

(6)

(see S7 and S8). Figure 3b exhibits the nonlinear relationship
between Fth

DNA and the laser power, which can be understood
considering that the laser intensity varies with both the laser
power and the axial position of the particle.
Force−extension data for double-stranded DNA are well-

described by the wormlike chain (WLC) model (Figure 4a,
solid black line).36 However, from the data displayed in Figure
4a it is clear that the WLC model for dsDNA fails to match our
experimental results. The single-molecule manipulation ap-
proach provided by our unique configuration combines force
and local thermal gradients. The local temperature in the
surface of the gold-coated hemisphere of the Janus particle
might affect the double-stranded DNA stability. Hence, we
attribute the deviations from the dsDNA WLC behavior to
local melting of the DNA molecule: for low laser powers,
corresponding to low extensions, low forces, and low
temperatures, most of the DNA is double-stranded; however
as the laser power of the trapping beam increases, the force, the
extension, and the thermal gradient increases and the
proportion of the DNA that is single-stranded is also higher.
Double-stranded DNA is considerably stiffer than single-
stranded DNA; their respective persistence lengths are 53 nm

for dsDNA and 1.4 nm for ssDNA37−40 (Figure 4b). The
difference in persistence length of double- and single-stranded
DNA results in pronounced differences in the force−extension
response (Figure 4a, solid black and dashed gray lines,
respectively). The experimental force−extension curve lies
between the curves of ds- and ssDNA, which is consistent with
a model that assumes a partial melting of the DNA molecule.
Figure 4a also displays the WLC curves for partial DNA
dehybridization: 80% (dotted blue line); 60% (dotted red line);
and 40% (dotted green line) of dsDNA (see S9).41 The close
agreement between the experimental results and the WLC
curve for an 80% and 60% dsDNA supports the hypothesis of
having a partially dehybridized DNA tether. However, it is
important to note that in our experimental conditions the
proportion of ssDNA to dsDNA is expected to change over the
course of the force extension curve, since the amount of melted
dsDNA depends on the temperature profile, which is set by the
laser power and the height of the particle in the optical trap.
DNA in this shear geometry withstands forces of >50

pN,42,43 well above the forces applied in this study, making it
improbable that DNA undergoes force-induced melting. Our
data strongly suggest that thermal DNA melting occurs in the
vicinity of the Janus particle. To quantitatively analyze the
effects of the local temperature on the DNA stretching
behavior, we estimate the temperature difference between the
gold and silica hemispheres of the Janus particle as a function of
the laser power using the thermophoretic formalism. The
thermophoretic force can be described by the Soret coefficient,
ST, and it is proportional to the temperature gradient,∇T,44

= − ∇F S k T Tth T B (7)

Following the derivation presented by Sano et al.,45 the
temperature gradient can be expressed as a function of the
temperature difference across the two hemispheres of the Janus
particles, ΔT. On the other hand, the temperature on the

Figure 3. (a) Temporal traces of the x and y position of a free Au−
silica Janus particle that is optically trapped at a fixed laser power. (b)
Thermophoretic force acting on the DNA-tethered Au−silica Janus
particles as a function of the trapping laser power. Figure 4. (a) Force extension curve of a DNA molecule tethered

between an optically trapped Au−silica Janus particle and a glass
surface (red circles). The relative extension was normalized to the
contour length of the dsDNA of 3 μm. The WLC theoretical force−
extension curves for a fully dsDNA (solid black line), a fully ssDNA
(dashed gray line), and partially melted ss/dsDNA of 80% (dotted
blue line), 60% (dotted red line), and 40% (dotted green line) content
of dsDNA at a temperature of 100 °C are plotted for comparison. (b)
Schematic representation of the partial melting model. The tethered
DNA molecule is simultaneously subject to force and heat. The
increase in temperature around the gold hemisphere of the Janus
particle partially melts the DNA tether. The persistence lengths of the
ds- and ssDNA are 53 and 1.4 nm, respectively.
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surface of the gold hemisphere is proportional to the light
absorbed by the gold layer, and it is calculated according to heat
transfer equations, such that the thermophoretic force can be
described by

=
Δ

F
k TS T

R3th
B T

(8)

where R is the radius of the particle (see S7). The Soret
coefficient may take positive or negative values depending on
the sense of migration of the particles, either from hot to cold
(ST > 0) or from cold to hot (ST < 0). In general, most of the
measured Soret coefficients for microsized colloidal particles
range from ST = 0.03 to 0.2 K−1.44 However, experimental
values for the Soret coefficient of Janus particles are rare.
Experimental conditions and Janus particles similar to our
experiments were used by Sano et al.,45 who studied the active
motion of Au−silica Janus particles in a defocused laser beam.
They experimentally measured the Soret coefficient of 1 μm
Au−silica Janus particles using two independent methods and
reported values of 10 and 26 K−1, respectively.45 Using eq 8, the
range of ST values reported by Sano et al., and our
experimentally measured thermophoretic forces (Figure 3b),
we estimate that the temperature increase around the gold
hemisphere of the Janus particles ranges from 3 ± 1 K to 230 ±
102 K, for Fth from 0.1 to 7 pN, respectively. To more directly
probe the thermal gradient around the Janus particle, we used
red fluorescent protein, a thermosensitive dye, for in situ
measurements of the temperature profile.46,47 We found that
the fluorescence signal around the gold hemisphere is ∼15 ±
3% lower than the fluorescence signal around the silica
hemisphere, for a trapping laser power of 3.5 mW (see S10).
This fluorescence decrease corresponds to a temperature
increase of 8 ± 4 K, which is consistent, within experimental
errors, with the 3 ± 1 K temperature increase estimated using
the thermophoretic formalism for the same laser power.47

To roughly estimate the amount of DNA that separates into
single- and double-stranded domains, we model the DNA
molecule as a 1D object that is continuously supplied with
thermal energy at its thiol end (equating the temperature at the
thiol to the surface temperature of the gold hemisphere). We
also assume that the temperature around the silica hemisphere
of the particle is equal to the ambient temperature. The melting
temperature of the 9-kb-long dsDNA used in this study is 59.5
± 1.5 °C at a 7.5 mM Na+ concentration (see Figure S6). We
found that for an intermediate laser power of 8 mW (Fth = 2.4
pN), approximately 80 ± 12% of the total length of the DNA
should remain double-stranded and the remaining 20 ± 12% is
single-stranded. The error bars correspond to the different
Soret coefficients of 10 and 26 K−1. Even though this
approximation is very rough (i.e., we assume that heat
dissipation toward the silica hemisphere is negligible and that
heat dissipation from the gold to the DNA is a 1D process), the
estimated percentages of dsDNA and ssDNA correspond fairly
well with the experimental force−extension curve, which lies
between the theoretical WLC curve for an 80% and 60%
dsDNA to ssDNA ratio.
The DNA tether ruptures at trapping laser powers between 9

and 11 mW (Figure S3), which corresponds to forces of 4 to 7
pN. Our attachment geometry, with a single thiol and single
digoxigenin linkage on opposite strands, implies that complete
DNA melting would result in loss of the tether. However, the
temperature at the gold surface required to completely
thermally separate both strands of DNA, modeled as a 1D

object, is well above the maximum thermal increase estimated
in our experiments. A likely pathway for unbinding of the tether
is through loss of the digoxigenin−antidigoxigenin surface
attachment. The DIG−antiDIG bond has been investigated in a
number of force spectroscopy experiments.29,48 While there is a
considerable spread in the literature values for the force-
dependent off rates of the DIG−antiDIG bond, the results
suggest that even the relatively moderate forces applied in our
experiments would reduce the lifetime to ∼1−10 min, which is
the approximate time scale of our experiments, ∼5−7 min per
particle (see S12). Regarding the Au−S covalent bond, the
rupture force of this single bond is on the order of ∼1 nN,49

well above the forces achieved with our configuration.
However, experiments demonstrate that the thiol−Au bond is
susceptible to thermal rupture at temperatures above 80−90
°C.50−52 Therefore, it is likely that both the force-induced
dissociation of the DIG−antiDIG bond and the thermally
induced breakage of the thiol bond to the gold hemisphere of
the Janus particle contribute to the observed tether rupture.

■ CONCLUSIONS

In summary, we demonstrate that optically trapped Janus
particles can stretch single dsDNA molecules tethered between
a micrometer-size particle and a glass substrate. We take
advantage of the light-induced thermophoretic force to control
the extension of the DNA molecule. Further, the temperature
increase around the gold hemisphere of the particle provides an
efficient approach to simultaneously heat and stretch the
dsDNA molecule. By combining optical and thermophoretic
forces, we can achieve complete extension of the DNA tether
with forces ranging between 0.1 and 7 pN, and we can
simultaneously partially melt it. Our experiments demonstrate
that introducing thermophoretic effects adds new capabilities to
the widely used conventional optical tweezers configuration.
While the rotational orientation (and therefore propulsion
direction) of the Janus particle is determined by the direction of
the external optical field, the stretching capabilities are driven
by the thermophoretic forces generated by the asymmetrical
nature of the particle.
We anticipate that our approach can be extended further in a

number of exciting directions, in particular by decoupling
stretching from heating. For example, by carefully engineering
plasmonic Janus particles using different sizes of silica spheres
and/or different thicknesses and treatments of the gold coating,
it is possible to make accessible specific force and temperature
ranges. Furthermore, designing particles using several different
coatings and “patches” could confer custom-engineered optical
and thermal properties.53−56

In addition to engineering Janus particles, the laser system
can be optimized to control the interplay of optical and
thermophoretic forces,57 e.g., by shaping the laser beam, by
using several lasers at different wavelengths, or by adding
electrical fields.58,59 The flexibility of this approach could open
up possibilities to study, for example, the interplay of force and
thermal stability for both nucleic acids and proteins,
complementary to other methods.60−62 In particular the ability
to generate heat locally, in the vicinity of the trapped particle,
opens up possibilities for fast switching and design of the
temperature profiles.63,64,25
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■ METHODS

Au−Silica Janus Particles Synthesis and Character-
ization. Au−silica Janus particles were synthesized following a
procedure described elsewhere.9 Briefly, 1.3 μm silica spheres
(Microparticles GmbH) were centrifuged and redispersed in a
0.5% w/w hexylamine ethanolic solution. Then, the colloidal
suspension was self-assembled onto a plasma-cleaned glass
coverslip. The monolayer of silica spheres was prepared on a
water surface by slowly pumping out the excess solvent.
Subsequently, the substrates were placed in a thermal
evaporator, where a layer of gold (∼6 nm thickness) was
deposited at a rate of 0.1 nm per second. Finally, the particles
were suspended in miliQ water by sonicating the glass substrate
in a water-filled beaker. Au−silica Janus particles were imaged
by scanning electron microscopy (SEM) in a Gemini Ultra Plus
equipment with a nominal resolution of ∼2 nm (Zeiss). White
light scattering spectra of individual Au−silica Janus particles in
water were acquired in an Acton SP2500 spectrometer
(Princeton Instruments) coupled to an upright Zeiss Axio
Scope A1 microscope equipped with 100×, 1.0 NA water
immersion Zeiss Achroplan objective and an oil immersion
dark-field condenser (NA = 1.2−1.4). A 100 W halogen lamp
(Zeiss) was used for illumination.
DNA Synthesis and Characterization. In order to avoid

approaching the secondary optical trap, positioned a few
micrometers above the focus of the laser beam, we designed a
double-stranded DNA molecule of 9046 basepairs, which
corresponds to a contour length of approximately 3 μm. For
the polymerase chain reaction (PCR) we used λ-DNA
(Fermentas) as a template (15 mg/L), a forward primer
functionalized with a thiol group, and a reverse primer
functionalized with a digoxigenin label at the 5′ end (each at
0.5 μM). We designed the primers using an online tool called
the OligoAnalyzer from idtdna.com and ordered the sequences
at Biomers.net. For the PCR reaction we used a commercially
available Phusion Mix (Thermo Scientific). We used a ProFlex
PCR System for the temperature cycling and added 3% DMSO
to the solution to increase the yield. The DNA was purified
using a ready-to-use kit by Qiagen (QIAquick PCR purification
kit). The final yield was 55 μL of DNA at 28.5 mg/L,
determined by UV−vis (Thermo Scientific) absorption. The
reaction product was visualized on a 1% agarose gel (high-
resolution agarose, Sigma-Aldrich) and compared to a DNA
ladder (1 kbp DNA ladder, NEB).
Functionalization of Au−Silica Janus Particles with

DNA. To perform the optical trapping experiments, solutions
of Au−silica Janus particles with and without DNA were
prepared by diluting the stock colloidal dispersion of Janus
particles in 5 mM phosphate buffer, pH 7.2, supplemented with
7.5 mM NaCl buffer (without potasium) and allowing it to mix
overnight at 4 °C. The concentration of Janus particles stock
solution was estimated to be ∼50 fM. The concentration of
Au−silica Janus particles, DNA, sodium phosphate buffer
(Thermo Scientific), and NaCl in the final solution was 12 fM,
120 pM, 5 mM, and 7.5 mM, respectively. Au−silica Janus
particles without DNA (free Janus particles) were prepared
with the same particle and buffer concentration as described
above, but replacing the amount of DNA solution with buffer.
The ratio of Janus particles to DNA was experimentally
optimized by testing different reaction conditions as detailed in
S2.

Attachment of DNA-Functionalized Au−Silica Janus
Particles to Coverslides. To fix the DNA molecule to the
surface, i.e., the glass coverslip, we first coated the glass with
epoxy silan, as commonly used in single-molecule experiments.
Briefly, glass coverslips freshly cleaned in piranha solution were
gently stirred for 1 h in the dark in a 88% ethanol and a 2% 3-
aminopropyldimethylethoxysilane aqueous solution. The epoxy
silan functionalized cover slides were rinsed with ethanol and
water, placed in an 80 °C oven for 30 min, and stored under N2
for up to 6 months. We directly placed a droplet of
antidixoxigenin (40 μL at 100 mg/mL) on the glass coverslip
and let it incubate for at least 10 min. The substrate was then
thoroughly cleaned, four times, using phosphate buffer (same
concentration as described above). For passivation we placed a
droplet of Tween (60 μL at 0.05% in 20 mM TRIS-HCl and 5
mM EDTA, pH 7.6) onto the glass coverslip (incubation time
∼5 min). Next, the substrate was cleaned again using four times
phosphate buffer. Finally, we placed the DNA/Janus solution
(as described above) onto the glass coverslip and directly
started the measurements.

Microelevation Microscopy Experiments and Data
Analysis. Free and DNA-tethered Au−silica Janus particle
microelevation experiments were performed in an upright Zeiss
Axio Scope A1 microscope in conjunction with an oil
immersion dark-field condenser (NA = 1.2−1.4). The optical
trap was formed by tightly focusing a 1064 nm Cobolt Rumba
CW laser beam (Cobolt AB) with a 100×, 1.0 NA water
immersion Zeiss Achroplan objective. The final power of the
laser beam at the objective was optimized using neutral density
filters between 1 and 20 mW. Dark-field imaging videos were
collected with a digital SLR Canon EOS 550D camera with a
resolution of 1920 × 1080 operated at a frame rate of 29.9 fps
using the same objective. Typical microelevation experiments
were performed by depositing a 80 μL drop of the
corresponding solution (free or DNA-functionalized Au−silica
Janus particles, in 5 mM phosphate buffer, pH 7.2, with 7.5 mM
NaCl) either over a DIG−antiDIG-functionalized microscope
coverslip (Menzel-Glaser #1.5) or over a cleaned glass substrate
(control experiments). Glass coverslips were cleaned by
sonication for 20 min in each of the solvents 2-propanol,
acetone, and miliQ water and then dried with N2. The height of
the Janus particle in the optical trap was determined by analysis
of the field distribution pattern of the recorded dark-field
videos. The calibration between the diffraction pattern of the
white light scattering of the particle and the height was
performed using a reference sample of Au−silica Janus particles
fixed over a coverslip, which were axially displaced with respect
to the microscope objective using a PI 3D piezo-driven
nanopositioner stage (Physik Instrumente GmbH). The data
analysis was performed using a homemade MATLAB routine
that tracks the height and the x,y positions of the particle during
the time of the experiment.

Temperature Measurments. To measure in situ the
temperature increase around the optically trapped Au−silica
Janus particles, red fluorescent protein was added to the free
Janus particle solution at a final concentration of 1.5 μM. Red
fluorescent protein was excited with an OPUS CW laser 532
nm laser (Laser Quantum) coupled and collimated into the
microscope. The fluorescent signal was passed through a 532
nm notch filter (Thorlabs) and collected with an iXon Ultra
897 EM-CCD (Andor) with 512 × 512 pixels of 16 μm × 16
μm size, operated at 100 ms per frame. The fluorescence of the
red fluorescence protein was measured while simultaneously
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trapping the Au−silica Janus particle with the 1064 nm laser
beam. To avoid photobleaching of the fluorophore, the white
light source used in dark-field microscopy was immediately
turned off after optically trapping the Janus particle. The 532
nm laser was then turn on to collect the fluorescence signal of
the protein. Fluorescence intensity analysis was performed with
a homemade MATLAB routine. To calculate the decrease in
fluorescence signal around the gold-coated hemisphere of the
Janus particle, we integrated the fluorescence intensity at each
side of the Janus particle and fitted each side of the data with a
Gaussian function of equal width.
dsDNA Melting Temperature Determination. We used

a thermocycler and fluorescence read-out to determine the
melting temperature of the 9-kbp-DNA construct used in the
Janus-particle-based stretching experiments. For the fluores-
cence read-out, we mixed DNA (final concentration 11 pM)
with the fluorescent dye EvaGreen at 1× final concentration
according to the vendor’s specification (Biotium) in the same
buffer that was used for single-molecule experiments (20×
diluted phosphate-buffered saline, PBS, ThermoFisher). We ran
a temperature gradient from 95 to 5 °C (and back) in steps of
1 °C every minute. The melting temperature Tm was
determined similarly to ref 65 by performing a baseline fit
and defining the median.65 From the fit, Tm was determined,
i.e., the temperature at which half of the DNA bases are single-
stranded and half are double-stranded; see Supplementary
Figure S6. For comparison, we also determined the Tm at a
higher buffer concentration (1× diluted PBS, ThermoFisher).
FDTD Simulations. FDTD simulations of Au−silica Janus

particles (particle diameter 1.3 μm, thickness of half-hemi-
sphere gold cap 5 nm) were carried out using Lumerical FDTD
Solutions (Lumerical Solutions, Canada). Optical constant data
tables were taken from Johnson and Christie for gold and from
Palik for the dielectric surrounding (water as effective medium).
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