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Optical Pushing: A Tool for Parallelized Biomolecule Manipulation
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ABSTRACT The ability to measure and manipulate single molecules has greatly advanced the field of biophysics. Yet, the
addition of more single-molecule tools that enable one to measure in a parallel fashion is important to diversify the questions
that can be addressed. Here we present optical pushing (OP), a single-molecule technique that is used to exert forces on
many individual biomolecules tethered to microspheres using a single collimated laser beam. Forces ranging from a few
femtoNewtons to several picoNewtons can be applied with a submillisecond response time. To determine forces exerted on
the tethered particles by the laser, we analyzed their measured Brownian motion using, to our knowledge, a newly derived
analytical model and numerical simulations. In the model, Brownian rotation of the microspheres is taken into account, which
proved to be a critical component to correctly determine the applied forces. We used our OP technique to map the energy land-
scape of the protein-induced looping dynamics of DNA. OP can be used to apply loading rates in the range of 10~*~10° pN/s to

many molecules at the same time, which makes it a tool suitable for dynamic force spectroscopy.

INTRODUCTION

Single-molecule techniques such as tethered-particle mo-
tion (TPM) (1), magnetic tweezers (MTs) (2), optical
tweezers (OTs) (3), biomembrane-force probe (4), centri-
fuge force microscopy (CFM) (5), and atomic force micro-
scopy (6) have greatly advanced our ability to quantify the
mechanical properties, dynamics, and interactions of bio-
logical macromolecules (7-9). Dynamic force spectros-
copy, an approach in which molecular interactions are
subjected to various loading rates to quantify their energy
landscapes, is a particularly popular approach in
biophysics (4). Many single-molecule methods that probe
one molecule at a time are limited by low experimental
throughput, which makes obtaining statistical information
over many molecules and identifying rare events chal-
lenging. Techniques such as TPM, MTs, and CFM tackle
this problem by measuring multiple single molecules in
parallel. All these techniques, however, have their limita-
tions: in TPM, no forces are applied, and in CFM and
MTs, constant forces are applied that can only be varied
on a timescale of seconds. Here we present a bionano-
sensing method that combines high throughput with rapid
force application: optical pushing (OP). OP uses the mo-
mentum of laser-generated photons to apply tensions
from a few femtoNewtons of up to several picoNewtons
to multiple DNA molecules tethered between a surface
and microspheres.
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MATERIALS AND METHODS

For the implementation of OP, we used a single, collimated laser beam,
coupled to an inverted microscope to apply controlled forces to multiple
microsphere-tethered biomolecules distributed over a field of view with a
size of hundreds of micrometers squared. The setup (Fig. 1) contained three
sets of components: the optical pathway of the laser, the flow cell with sam-
ple, and the imaging pathway.

As a source of radiation pressure, a collimated laser (YLP-20-LP-IPG;
IPG Photonics, Oxford, MA) beam was used with a wavelength of
1070 nm, maximum power of 20 W (power regulation was achieved by a
combination of a half-wave plate and a polarizing beam splitter), and a
beam diameter of ~70 um (full width at half-maximum) generated using
a telescope consisting of an achromatic lens (focal length = 150 mm)
and an aspherical lens (focal length = 4 mm).

The flow cell with sample chamber consisted of a quartz microscope
slide and a quartz coverslip separated by parafilm spacers. Quartz was
used to minimize sample heating by the laser. Functionalized molecules
were attached to both the surface and the microspheres (Fig. 1 b) (9).

For imaging, a 455-nm-light-emitting diode (M455L3; IMM Pho-
tonics, Unterschleissheim, Germany) was used, coupled into the aspher-
ical lens using a dichroic mirror. The light transmitted by the sample was
collected with a long-working-distance air microscope objective
(50x NAO0.42, No. 58-237; Edmund Optics, York, UK) and imaged, us-
ing the tube lens of the microscope, on a complementary metal-oxide
semiconductor (CMOS) camera (DCC1545M; Thorlabs, Newton, NJ)
(Fig. 1 ¢), which allowed taking images with a frame rate of 25 Hz
(full frame). An infrared neutral density filer was placed in front of
the camera, to remove remaining laser light. The particles in the images
were tracked in three dimensions using a cross-correlation algorithm
(x, ¥), and by comparing the measured radial profile against a database
of calibrated radial profiles, made at known heights (z) using a piezo
stage (P-517.3CL; Physik Instrumente, Auburn, MA). This resulted in
a three-dimensional subpixel precision for the particle tracking of
<2 nm in x, y and <5 nm in the z (see Fig. S1 in the Supporting Mate-
rial). For stable use of OP it was essential to avoid heating of the objec-
tive by the laser, which induced drifting aberrations in the acquired
images. The heating was minimized by redirecting the laser light after
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interacting with the sample, before entering the imaging objective, using
a hot mirror back into the sample. Because of the divergence of the
Gaussian laser beam, the radiation pressure due to the reflected laser
light was >1 order-of-magnitude weaker than that due to the direct light.

RESULTS
Validation of the technique

To demonstrate that OP is suitable for the manipulation of
tethered molecules, we investigated the restriction of
three-dimensional Brownian motion of a single, DNA-
tethered (1.1 kbps) microsphere (@ 2.10 um polystyrene),
with root-mean-square (RMS) displacement detection
(Fig. 2). When a laser power of 1.6 W was applied to
the sample, the random motion of the microsphere in all
three dimensions was restricted. In addition, the distance
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FIGURE 1 (a) Schematic drawing of the setup:
a 1070 nm laser that is directed through two lenses
is used to apply an optical pushing force to micro-
spheres in the sample. Behind the sample, the
beam is reflected back using a hot mirror, to pre-
vent heating of the imaging objective. For imaging
of the microspheres, the sample is illuminated with
a LED. The LED light is transmitted through the
hot mirror and imaged on a CMOS camera.
(b) Biomolecules are tethered to the surface and
attached to microspheres. (¢) Example image of
the CMOS camera (25 Hz, 40 ms integration
time). The radial ring patterns around the micro-
sphere images are used to determine their distance
relative to the surface.

PN

o N

of the microsphere with respect to the surface (z)
increased. Both observations indicate that the radiation
pressure of the laser beam actively pushed the microsphere
away from the surface. Note that the microsphere found
its new equilibrium position, within one camera frame,
demonstrating that OP allows switching on and off forces
faster than 40 ms (acquisition time of a single camera
frame).

The performance of OP on the forces exerted on the bio-
molecules was determined by measuring and analyzing the
Brownian motion of the microspheres. Apart from transla-
tional Brownian motion, the microspheres also underwent
rotational Brownian motion, which caused them to swivel
around their attachment points (see Fig. S2). Because of
this swiveling motion, force-calibration methods for teth-
ered microspheres, as used for, e.g., MTs, are not directly

FIGURE 2 Proof of principle of optical pushing.
(a) Raw motion trace of a DNA (1.1 kbp) tethered
microsphere (¢ 4.26 um) when there is no laser
pushing force and when the laser is set to 2 W (be-
tween dashed lines). The motion of the micro-
sphere is quenched in all three dimensions when
the laser is on. Distances are relative to the
DNA-surface anchor point. (b) An x,y-scatter plot
of the beads position when the laser is off (black
data) and set to 2 W (red data).
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applicable to our system (10). In MTs, the paramagnetic
microspheres have a fixed alignment with respect to the
external magnetic field, which allows neglecting Brownian
rotation (11). In the absence of this fixed alignment, the
swiveling of the microsphere increases its motion, leading
to an underestimation of the force with up to 10% if the
swiveling is not taken into account (with DNA tethers
that are short compared to the microsphere radius; see
Fig. S3). Solving the linearized system of Langevin equa-
tions for translation and rotation (Egs. 1 and 2) (12,13), un-
der the assumption that the exerted force is substantially
larger than the thermal fluctuations, yielded an analytical
expression for the double-sided power spectrum of the mi-
crosphere’s motion in the x- and y directions (Eq. 3) (see
the Supporting Material for derivation):
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(Eq. 3) agrees with the power spectra of simulated
data traces (see Fig. S2 d), for forces Fiaser >> Forowns
confirming that our rotational model is a suitable
calibration method for the optical force acting on the
biomolecules.

With a calibration method in place, we validated OP
and determined what forces could be obtained. Power
spectra of DNA tethers attached to microspheres of two
different sizes were obtained as a function of laser power
and fitted using Eq. 3 (Fig. 3). For both microsphere sizes
a linear dependency of force on total laser power was ob-
tained, as expected from the linear dependence of radiation
pressure on light intensity (Fig. 3 b, open symbols and
solid lines). Moreover, the measured forces match theoret-
ical predictions based on Mie scattering theory (16)
(Fig. 3 b, dashed curves). These measurements demon-
strate that our OP instrument is capable of applying
forces up to 2.6 pN/W to 4.26-um microspheres. Due to
the Gaussian profile of the laser intensity, the force acting
on the tethered microspheres is not constant over the field
of view, but follows the illumination profile (see Fig. S4).

In Egs. 1-3, m is the mass of the microsphere, V is its ve-
locity, F brown 18 the random Brownian force, #¥ is the effec-
tive translational drag coefficient, I?“ext is the external
forces acting on the microsphere, I is the microsphere’s
moment of inertia, & is its angular velocity, Tbrown is the
random Brownian torque, B is the effective rotational
drag coefficient, Tex[ is the external torques acting on
the particle, kp is the Boltzmann’s constant, T is the tem-
perature, (z) is the average microsphere height, R is the
microsphere radius, Fi,q, is the exerted laser force, and f
is the frequency. Recently, Daldrop et al. (14) derived a
similar analytical expression (Eq. 15 in their article) for
the single-sided power spectrum of a sphere undergoing
rotation about its tether point. Their expression corre-
sponds closely to our analytical expression (Eq. 3, and
see Fig. S3). To confirm the validity of our analytical
solution, we compared it to simulations. Simulated data
was obtained by implementing an initial microsphere
position and rotation, and recursively solving Egs. 1 and
2 (for full derivation, see the Supporting Material) using
randomly varying instantaneous Brownian forces and
torques. The difference between the simulated data and
the analytically obtained restoring force and torque
data (red) lies within a few percent (see Fig. S2 c).
Moreover, the analytical solution of the power spectrum
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To account for this, we calibrate the force on each
microsphere individually. It is important to note that the
maximum measured pushing force ~15 pN is limited by
the strength of the dig-antiDIG interaction used to attach
the DNA to the surface, not by a physical constraint of
our approach. These forces are not as high as forces
obtained using OTs on similar microspheres (typically of
~100 pN/Watt (8)). In OP, the maximum force can be
readily increased by using different microsphere sizes
or composition. Mie scattering theory predicts that the
force is approximately fourfold higher when gold-coated
(instead of bare) polystyrene microspheres are used
(see Fig. S5). Our setup also allows sampling of smaller
microspheres and lower forces. Our linearized model,
however, does not allow correct determination of forces
that lie in the entropic regime (<0.1 pN) (Fig. 3 ¢,
black points and blue line). At these low forces, the
force can be calibrated accurately by determining the
RMS displacement of the microspheres (see the Support-
ing Material) and comparing that with simulated data
using the full kinetic model based on Eqgs. 1 and 2
(Fig. 3 ¢, red dots). Note that RMS displacement deter-
mination is the key detection method in TPM experiments
(15). Using this approach, OP forces were deter-
mined accurately for 440-nm-diameter microspheres to
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FIGURE 3 (a) Fitted power spectra of the
measured x,y motion of 4.26-um tethered micro-
spheres. A power spectrum obtained in the absence
of force is shown for reference. The other spectra
from top to bottom are obtained using laser powers
of 0.2 W (0.3 = 0.1 pN), 0.7 W (1.0 = 0.2 pN),
27 W (52 = 0.3 pN), and 6.2 W (12.7 =
0.8 pN). (b) Exerted optical pushing force as a

function of total laser intensity at the sample.
Forces are determined by fitting the power spectra

of measured polystyrene tethers with the analytical
theory (error bars, mean = SE). (Solid lines)
Linear fits yielding slopes of 2.6 = 0.1 pN W'
and 0.5 = 0.1 pN WL, (¢) RMS motion of small
(¢ 440 nm) microspheres for measured, simulated,
and calculated data using our analytical model
(Eq. 3). (d) The derived force, using the RMS fitted
data sets, as a function of laser power applied. The
linear fit yielded a slope of 10.6 {N/W (see the Sup-
porting Material).
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be 10.6 {N/W at the sample (Fig. 3 d), again in agreement
with Mie theory.

Manipulating protein looped DNA

To demonstrate the power of OP in bionano-technological
applications, we performed a force-spectroscopy study of
protein-induced DNA looping. Looping is often studied
with TPM setups because of their ability to detect looping
at very low forces. DNA loops occur whenever proteins
interact with multiple sites on the same DNA molecule
(17). Loops have both organizing and regulatory functions
in processes such as DNA replication, repair, transcription,
and cleavage (18,19). We chose Type-II restriction endonu-
clease Fokl as our model system, because Fokl has been well
studied by biochemical and biophysical (TPM) means (20—
22). Two Fokl monomers each bind to distinct recognition
sites on the DNA (5-GGATG-3); subsequently, they asso-
ciate in dimers while both monomers remain attached to
the DNA, forming a DNA loop (20). When only Ca*"
(and not Mg”") is present in solution as a cofactor, the re-
striction enzymes specifically bind to the DNA, forming
loops, but they cannot cut the DNA (23,24). Looping of
multiple DNA molecules with a contour length of 184 nm
containing two Fokl recognition sites (spaced 65 nm apart)
was monitored in real-time using our OP microscope. Ex-
cursions of DNA-tethered microspheres depend on the
length of the DNA and, as a consequence, loop formation
can be observed as a decrease in the microspheres’ RMS
motion. In this study we only analyzed the transition from
looped to unlooped state, which occurs in a single kinetic

Laser Power (W)

step. The opposite transition, from unlooped to looped
state, consists of two distinct, subsequent kinetic steps,
one of which depends on protein concentration and tether
activity, and is therefore far more complex to interpret
(see Fig. 4 a) (21).

Example OP time traces of the RMS displacement in the
presence of Fokl are shown in Fig. 4 b. The RMS motion of
each microsphere was calculated as described by Laurens
et al. (21). When the laser is off, the system stochastically
switched between the unlooped and looped state. With
increasing laser intensity, and thus increased force applied
to the DNA tether, loop formation was less frequent
(Fig. 4 b) and loops lasted for shorter times (Fig. 4 ¢). Mea-
surements on multiple microspheres simultaneously
enhanced experimental throughput (see Fig. S6) and al-
lowed obtaining the force dependence of the average loop
lifetime #60p (Fig. 4 ¢). This lifetime decayed exponentially
with force, as expected from Arrhenius’ law f,0p = 1/kg
exp(—Flaser X Ax/kgT) (with ko being the unlooping rate
at zero force, and Ax as the distance to the barrier along
the direction at which the force Fy,, is applied). The ex-
pected heating near the sample is <3 K for the used laser
power, hence the temperature change should hardly affect
the kinetics of the reaction (see the Supporting Material).
The single-exponential decay indicates that the transition
from looped to unlooped state involves a single kinetic
step. From the fit, a zero-force unlooping rate (k;) of
0.15 + 0.01 s~ was obtained, in agreement with earlier
measurements (21). In addition, a length change from
looped state to transition state (Ax) of 75 = 2 nm was
obtained. This length change is relatively large because it

Biophysical Journal 110(1) 44-50
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0 fN FIGURE 4 (a) Kinetic scheme of protein-
induced DNA looping. (b) Time traces of the
RMS motion of a single DNA tether (left panel,
black line) calculated over a 2 s time-window,
and the corresponding histograms (right panel),
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Time (min)

48
b
125
a
75
Protein Loop
O Association O Formation .
€ 125
o 3
Protein ®  Loop 5
Dissociation o) Breakage 8 2 s
75
0 5
Cc
" d
¢
e |
6 2
8¢

o

o =
—o—
—o—

S —

0 10 20 30 40
Force (fN)

o Measurement

Loop Lifetime (s)
=
—

ol . 1 " 1 s
0 25 50 75 100

Force (fN)

exceeds the size of the protein by at least one order of
magnitude, which demonstrates that only very small forces,
in the femtoNewton range, are required to disrupt the DNA
looping. At these low forces, the DNA is in a coiled confor-
mation and therefore the elasticity of the DNA contributes
significantly to Ax, because force is applied to the protein
complex via two elastic DNA linkers. Because the vol-
ume-exclusion effect is of the same order of magnitude as
the protein-protein bond strength, it is important to correct
the unlooping rate at zero force for this volume-exclusion
effect, which, in turn, is dependent on the size of the micro-
spheres and the interactions with the surface. In our setup,
the volume-exclusion effect generates an effective force
on the DNA of ~52 fN in the looped state (25). Under the
assumption that the volume-exclusion force acts as a con-
stant force offset (see Fig. S7), correction reduces the un-
looping rate by a factor of 10, kg cor = 0.015 = 0.003 s
Apart from the looping rate, the looped fraction was also ob-
tained from the data, which allowed calculation of the force
dependence of the free energy change from the unlooped to
the looped state (see Fig. S8). This approach yielded a stan-
dard free energy change AG® of 0.7 = 0.1 kT (with the un-
looped state having a lower free energy). However, this AG®
needs to be corrected because the volume-exclusion effect
introduces an energy penalty for looping to occur. When
we correct for this, it yields a AG,, of —0.6 + 0.4 kgT
(GOIOOP,cor - Gounloop,cor)s i.e., leading to the expected situa-
tion in which the looped state has a lower free energy.
The low forces that are needed to disrupt the protein-
induced DNA loops indicate that thermal fluctuations are
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times (red lines, left panels). (c) Average loop life-
time plotted as a function of optical pushing force.
(Black circles) Experimental data points (error
bars, mean = SE); (red line) fit using Arrhenius’
law; (inset) looped fraction as a function of the op-
tical pushing force (error bars, mean = SE).
(d) Energy landscape obtained from the force spec-
troscopy measurements. The corrected free energy
G.or takes the volume exclusion force into account
due to the close proximity of the surface.

sufficient to cross the energy barrier from looped to un-
looped state and vice versa, which from a biological point
of view makes sense because restriction enzyme function
is to recognize and cut specific sequences within a few sec-
onds and not to mechanically stabilize DNA loops for longer
time periods (21). This determination of energetics and ki-
netics of the Fokl restriction enzyme demonstrates the great
level of control OP provides in the femtoNewton force
regime, allowing the extraction of subtleties in the energy
landscapes of molecular interactions as well as the charac-
terization of the impact of surfaces on bond formation
(see Fig. 4 d).

DISCUSSION

We have characterized the performance of our novel, to our
knowledge, OP method and shown its potential by unravel-
ing the energy landscape of the DNA-looping Fokl restric-
tion enzyme by the use of constant force measurements.
Apart from applying a constant force, OP is capable of
rapidly switching and changing forces, by shuttering or
strobing the incoming light, or varying the intensity using,
for example, an acousto-optical modulator. This allows
OP to apply a wide dynamic range of loading rates, as is
required for dynamic force spectroscopy (4). Radiation
pressure travels at the speed of light, the theoretical response
time of a typical DNA-tethered microsphere is, however,
limited by viscous drag (slowing down the motion of the
microsphere and thus the extension of the loading of the
tether) to typically ~100 us (see the Supporting Material).
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From this, we estimate that OP can be used to apply linear
force ramps in the range of 10~* to 10° pN/s to DNA (see
Fig. S9). Today’s MT systems allow access to a more
limited range of loading rates from 10~ to 10% pN/s (26).

It should be noted that one does need to take care of sam-
ple and instrument heating caused by the high laser powers
used. We were able to reduce heating effects by using quartz
microscope slides and coverslips. We estimate that the heat-
ing in the center of the flow cell is ~0.7 K/W (see calcula-
tions in the Supporting Material). Note that the coverslip
acts as an effective heat sink, which substantially reduces
the effect of heating near the glass surface (27) where our
assay is mostly located, and thus the 0.7 K/W heating repre-
sents an upper limit. Although the laser power used in OP is
typically an order-of-magnitude higher than in optical twee-
zers, the laser intensity is approximately three orders-of-
magnitude lower, because the laser beam is not focused.
The heating of the instrument is mostly due to light absorp-
tion in the objective. The subsequent warming of the objec-
tive causes slow but considerable drift in the instrument.
Currently, it limits the force range that can be reliably be
sampled to several picoNewtons.

To calibrate the forces in OP, we derived an analytical
description of the power spectrum, taking into account
Brownian rotation of the tethered microspheres (Eq. 3).
We note that our equation can be used more generally for
tethered systems (including MTs) as long as the externally
applied force on the microsphere dominates the Brownian
force, i.e., Foxy >> Firown. Fig. S3 shows how the analytical
power spectrum derived here compares to the MT power
spectrum used by te Velthuis et al. (11) for the dimension
perpendicular to the direction of the field lines as

P(f) = i 2vksT ,
Y (27f)" + (Fext/ (Lext + R))

“

with L., as the DNA extension. The MT model only holds
for microspheres with diameters smaller than the contour
length of the DNA (Fig. S10 c¢); for larger microspheres,
the MT model underestimates the Brownian motion of the
microsphere (Figs. S10 a and S9 b). In contrast, our model
was able to describe the Brownian motion for the larger mi-
crospheres; it fails, however, for external forces lower than
the Brownian force (<0.1 pN). We have shown that the
Brownian motion can be predicted accurately in this low-
force regime (down to ~30 fNs) with numerical simulations.
By making use of the analytical solution (Eq. 3) for the en-
thalpic regime (>0.1 pN) and the numerical simulations in
the entropic regime (<0.1 pN), we were able to predict
microsphere motion subjected to forces that are bio-
physically relevant. Due to its generality, applicability of
our model is not constrained to OP alone—it is also appli-
cable to microsphere-tether systems such as MTs and TPM.

We have shown that a collimated laser beam can be used
to apply a force to multiple biomolecules in parallel
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(Fig. S6). We have demonstrated the feasibility of OP as
a flexible (dynamic) force spectroscopy technique. In
future implementations, improvements can be made,
inspired by other force-spectroscopy approaches. For
example, spatial light modulators (21,28) could be used
to flatten the light intensity; the number of usable tethers
could be increased by printing antibodies in a periodic
pattern on a coverslip (29); (sub)millisecond dynamics of
weak DNA-enzyme interactions could be imaged using in-
tegrated fluorescence microscopy (29,30); or the polariza-
tion of the laser light could be employed to control the
torque acting on the biomolecules (31,32). Finally, OP in-
struments can be readily implemented in any existing OTs
instrument: placing a single lens, by converting a colli-
mated beam in one focused in the back-focal plane of
the microscope objective, will convert an OTs into an OP
apparatus.

SUPPORTING MATERIAL

Supporting Materials and Methods, eleven figures, and one table are avail-
able at http://www.biophysj.org/biophysj/supplemental/S0006-3495(15)
01211-4.
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Supplementary information

Proteins and buffers. The Fokl protein was purified was purified from an over-producing strain of E-coli.
DNA binding experiments were performed in a 20mM Tris-acetatie (pH 7.8), 50 mM potassium acetate,
2 mM CaCl, and | mM DTT buffer. Experiments on naked DNA were conducted in PBS.

The analytical model. To determine the exerted force on tethered molecules it is important to
understand the motion of the system. Apart from translational Brownian motion the microspheres also
experiences rotational Brownian motion causing them to swivel around the attachment point as shown
schematically for one dimension in Supplementary Fig. 2a,b. Existing force calibration methods for
tethered microspheres, which are used for instance for MT, are not directly applicable to our system.
Microsphere rotation is neglected in these models because of the fixed alignment of the paramagnetic
microsphere with the external magnetic field". Neglected microsphere rotation leads to an
underestimation of the applied force (Supplementary Fig. 3). We therefore derived a power spectrum
for the microspheres motion parallel to the surface using the Langevin equation for both the translation
as the rotation>?:

—

d = > > =
md_: = Fprown(t) =V + U(t) + Fexe (£)
dw — = —
177 = Torown(8) = B+ B(6) + Tore(8), (5

where ¥ and @ are respectively the translational and angular velocity, m is the particle mass and [ is the
moment of inertia of the particle. The forces due to the laser, the tether, the surface, buoyancy and



gravity are included in the external force term ﬁext and are described in detail bellow. Equations (5)
account for the increased viscous drag near the surface, using Faxen’s law for both the translation and

rotation coefficients ¥ and E (see section surface effects, equations (12)). The external torque fext
results from the cross product of the vector between the microsphere center and the DNA attachment

point R and the DNA force ﬁ'DNA (Supplementary Fig. 2b). ﬁbmwn and ﬁ,mwn are the fluctuating
thermal force and torque. The amplitude of these terms are described by the fluctuation-dissipation
theorem and are Gaussian distributed with the following statistical properties’:

(Fbrown(t)) =0
(Tbrown(t» =0

(Fbrown (t’)Fbrown(t’ +t) = ZkaT(S(t)
<Tbrown(t’)Tbrown(t, + t)) = Z.BkBT(s(t)- (6)

With 6(t) the Dirac delta function. The inertial terms in equations .5) are neglected since the Reynolds
number is sufficiently low. For microspheres in the micro range the Reynolds number is in the order of
1-1073 at room temperature (Supplementary Table 1).

To simplify calculations we assume a laser force Fj gor > Fyrown, €ading to small angles of 0, «, @,
and ¢ (Supplementary Fig. 2a,b). The DNA-microsphere system is in equilibrium when the DNA and

vector R are aligned with the z axis. If the system is pulled out of equilibrium due to Brownian
fluctuations the DNA and the laser force will tend to force the microsphere back into equilibrium:

Frestoring,x = Fpna - sinf
Trestoring,y = |R| - |FDNA| - sinf. (7)

Assuming that |Fpyal = |Figser]l (for 6 <1), |o|+a+& K1 and x., =xpya+Re (see
Supplementary Figure 2a,b we derive the following linearized versions of equations (7):

B=m—(a+¢)—-¢

1Xem _Xem

~
=~

V4 zZ

a = tan~

Ra Rl Rxem Rl
(z=R)§=R(a+¢)>¢ z—R z—R 2z2—zR z-—R

_ XDNA _ Xc—Ro
Frestoring,x - Flaser : R Flaser . Z—R

Trestoring = |R| - |Figser| - sin(m — |@| —a = &) = |R| + |Figser| - sin(lo| + a + &)
cm R cm R
= |R|'|Flaser|'(|(/’|+xz +X_+M)- (8)

z2-zR  z-R

See Supplementary Figure 2c how they compare to the non-linearized force and torque (using the
numerical simulations described below). To calculate the power spectrum of equations (5) we



implement the linearized restoring force and torque as the external force and torque in these equations
and calculate the Fourier transform, with ¥(w) = ffomx(t)e‘i“’tdt. Note that surface, buoyancy and

gravity forces are neglected:

~ . ~ F ~ ~

Fprown = lWyXem — Zl‘is;r (xcm - R(p)
7 — iwB% — RF ~1 4 %em | Ricm  RIP| 9
brown — la)ﬂ(p laser I(pl + 7 + 22_7R + 2—R)" (9)

*

From these equations we derive the power spectrum P(f) = (X;mXom), With the frequency f (
denotes the complex conjugate), using the relations (FZ.,,,n) = 2vkgT and (TZ-o,on) = 28ksT:

(B+Y(2)?)R2F2+((2)—R)? B2y (21f)>
((R=(2)) By (27f)2+RF2)*+(2(Ry(z) - B)Frf)?

P(f) = 2k, T (10)
Note that the equation (10) reduces to the power spectrum of magnetic tweezers when S =10
(neglecting rotation) is implemented (equation 4).

Numerical simulations. To validate the assumptions made in the derivation of the analytical power
spectrum we also simulated microsphere movement. The microsphere equation of translation and
rotation was solved numerically using the following equations:

J—C)n+1 = J_C)n + )7_1 : (Fext + Fbrown)At

Gn1 = Pp + .8_1 : (Text + Tbrown)At; (11)

where X, and X, is the microspheres three dimensional position at the step n and n + 1 of the
simulation respectively. @, and @,,,; denote the microspheres orientation. In order to simulate the
microspheres trajectory we implemented an initial microsphere position and rotation, after which
successive positions and rotations were calculated using equations (11). The Brownian force and torque
terms were drawn from Gaussian distributions that suffice equations (6) where the Dirac delta
distribution was set to §(t) = 1/At, with At the time step of the simulation for which we typically used
10~5s. Decreasing At did not affect the statistical properties (such as the RMS, correlation time and
power spectra) of the simulated traces.

Surface effects. Equations (5) account for the increased viscous drag near the surface, using Faxen’s law
for both the translation and rotation coefficients for the parallel and perpendicular direction relative to
the surface’:

_ 3 |
1-15(2)+5(2) ~755(2) ~16(3)




Bo
B, = 3 s (12)
1-3:(2) +aaz)
where y, and 8, are respectively the translational and rotational drag coefficients in bulk and are
defined as y, = 6mnR and B, = 8mnR3 , with R is the microspheres radius and z is the microsphere
center-surface separation in the axial direction and 1 representing the dynamic viscosity.

External forces. The external forces that are implemented in our numerical simulation are the laser
force ﬁlaser' the force of the DNA ﬁ'DNA, the force of the surface ﬁsurface, the buoyancy force ﬁbuoyancy

S
and the gravitational force Fy,4yity- The laser force is implemented as a constant force in z direction and
is set manually:

Fiaser = Flaser? (13)

The force of the DNA is calculated with the extensible worm like chain model®:

g _(ksT l( _a M) _1,.d_Fpna

Fona = (Lp>[4- 1 LC+ S 4-+LC S /(14)
with Ly, L. and S respectively the persistence length, the contour length and the stretch modules of
DNA (Supplementary Table 1). The vector d = (Xpya, YpnarZpna) POiINts from the DNA-surface
attachment point towards the DNA-microsphere attachment point. The surface force results from the
electrostatic interaction between microsphere and surface’:

ﬁsurface = 4”EW€O¢5R3_(Z_R)/12 ’ (15)

with €y, and €, respectively the permittivity of water and vacuum, 1), the effective surface potential, R
the microsphere radius, z the axial distance between surface and microsphere center and [ the Debye
screening length. The buoyancy and gravity forces are implemented as follows:

-

= 4 ~
Fbuoyancy + Fgravity = §”R3g(pmed - pbead)zr (16)

with g the gravitational constant, p,,.q the density of water and pp.,4 the density of the microsphere.
See the supplementary information for the parameters used.

Mie calculations. Radiation pressure exerted on a spherical particle by a beam of light is calculated using
Mie theory®. The laser force is expressed in terms of the extinction coefficient C,,;, the scattering cross
section Cs., and the average cosine of the scattering angles (cos6):

Nl

Flaser = = (Cext - Csca(C059> )' (17)



with n,, the refractive index of the surrounding medium, I the laser intensity and ¢ the speed of light.
Ceoxtr Cscq and (cos@) are expressed by:

2 v
Csca = ;anl(zn + 1)(|an|2 + |bn|2)'

2 voo
Coxt = ;Zn=1(2n + 1)Re {an + bn}:

* * 2n+1 %
Re{anan+1 + bnbn+1} + mRe{anbn}] ) (18)

nn+2)
n+1

_ ATR? Lo
(cos6) = a5 |

where x = 2mR/A, R is the particle radius, 4 is the wavelength of the light in the surrounding medium
and the asterisk denotes complex conjugation. a,, and b, are classical Mie coefficients depending on the
particle size and material. The calculation of these coefficients is done according to Bohren et al®. See
the Supplementary Table 1 for the material parameters.

Once a, and b,, are calculated the equation above are used to derive the laser force acting on the
particles numerically. To decrease computation times, the summations are terminated after n,,4,-x +
4x/3 + 2. This amount a terms has proven to be sufficient to calculate a,, and b,, correctly®.

Loading rates. Laser powers and therefore the laser forces on the microspheres can be altered with a
frequency in the 100Mhz regime using AOMs. The tension of the DNA will respond much slower due to
the viscous drag of the microsphere. To calculate the response time of the system the following
equation of motion for the microsphere is solved (inertia is neglected):

Flaser(t) —yx(t) — kx(t) = 0, (19)

with x the time derivative of the position x and k the stiffness of the DNA. If we assume that both the
laser force and the stiffness of the DNA are constant, the solution of the equation of motion is
(t) = %(1 - e_?’t) . The response time of the system is thus proportional to % Supplementary
Figure 7a shows that the typical switching time lies in the order of 100 ps for 4um microsphere in
diameter and a DNA stiffness of 2,000 pN/um (enthalpic regime of DNA with L.=0.5 um). Linear force
ramps exerted on the DNA can be achieved below the response time of the system if a linearly
increasing laser force is applied with an initial offset (Supplementary Fig. 7b). The initial laser offset that
should be applied to create a linear loading rate on the DNA is proportional to the height of the loading
rate. This limits the force range for high loading rates. Supplementary Figure 7b shows that it is possible
to apply a loading rate of 106 pN / s over 50 % of the total force range. This range increases to 95 % for
a loading rate of 10° pN / s. The smallest achievable loading rate using OP is limited by the laser power
stability, which typically fluctuates 1 % over 4 hours (IPG laser spec. sheet). To achieve a loading rate
that is linear within an accuracy of 10 %, the loading rate should at least be ten times larger than the

. . . - . F _
rate of the laser power fluctuations. This results in a minimal loading rate of%~3 -1072pN /s

for a maximum loading force of 40 pN. The power fluctuations of the laser can be reduced using a
feedback loop to control the laser power. Laser intensity stabilizers can attenuate the noise by a factor



of 400.° This decreases the minimum force ramp to ~1-107* pN / s for a maximum loading force of
40 pN.

Force calibration using RMS motion. To calibrate the forces on the small beads (¢ 440 nm) in the
entropic regime (<0.1 pN) we used our numerical simulations (see Figure 3c). To determine the

ZN(RMSmeaS_RMSSim)Z)

calibration factor we calculated the root mean square difference (RMSD = \/ v
between the simulated and measured data points as a function of calibration factor (see Supplementary

Figure 11)

Sample heating. Since a high intensity laser is used to apply forces in the sample, it is important to
quantify any potentially harmful heating effects. It has been shown that in an optical tweezers
experiment, where the light (100mW at 1064nm) is tightly focused, there is a small temperature
increase of approximately 0.8 K in the focus, which does not damage the biological sample'®. The laser
powers used in the Optical Pushing instrument is two orders of magnitude higher (up to 15W), but the
laser beam is not focused in the sample. Therefore it is of interest to calculate the heating, using the

10
l.

theoretical model that is derived by Peterman et a and applying it to a collimated beam.

Laser induced heating is mainly determined by the heating of the buffer in the sample and has a
maximum in the center of the flow cell. A solvent’s ability to absorb a plane wave of light with intensity I
travelling in the x-direction through the solvent is determined by its extinction coefficient y, which is
translated to the heat per volume, Q, generated per time in the solvent:

I(x)=1,e7", (19)
dQ  dl

——=vyl. 20
a 20)

This generated heat will be dissipated by a heat flow ] that is calculated using the local differential
equation:

I(r)= —CV(AT (F)) (21)

where C is the thermal conductivity of the solvent and AT (%) is the temperature deviation from
ambient temperature due to heating at position 7. In a steady state solution the heat generated is in
equilibrium with the amount of heat dissipated: V] = dQ/dt, leading to (using equations (20) and(21)):

v? (AT (F)) = —%I (F) (22)

Solving equation 22 for r = 0 will give the temperature increase in the center of the laser beam. To
solve equation 22 the Green’s function is used that satisfies:

VIG(F,F")=58°(F,F"), (23)

with & the Dirac delta function. Setting the argument 7’ to zero and implementing the boundary
condition of G = 0 at a radial distance S leads to:



1(1 1
G(r):—E(F—gj- (24)

This boundary condition represents the quartz surface that is present at a distance S and acts as a heat
sink. To calculate the maximum temperature in the center of the flow cell, an S of 50 um is taken into
account. In terms of G(r), the solution of equation (22) at the center of the laser beam is:

AT (0) :jG(r)(—%l (r)}dv . (25)
Setting dV = r2drd(Q and implementing G (r) and I (), leads to:

_r2 _r?
=—7/2|‘°t zj [l—ljezﬂzrzdrdﬁ A 2IR(E—Eje“’Zrzdr, (26)
8r°CpRIrR\r S AzCpeo\r S

where I;,; is the total laser intensity and § = FWHM /2+/2In2. This integral is solved numerically, which
results in a heating of approximately 0.72 K at the center of the flow chamber when the following
parameters are implemented: @ = 14.2m™! (extinction coefficient of water), C = 0.6 W/mK (thermal
conductivity of water) and I;,; = 1 W. Note that the temperature increase at the assay, which is close to
the surface, is less due to the high thermal conductivity of quartz

Parameter Variable Value
(for 1um polystyrene microsphere
at 21°C)
Viscosity of medium n 1.00 mPa's
Refractive index medium at 1070 nm Nmed 1324+ 1076
Refractive index polystyrene at 1070 nm Npoly 1.58 + 0i
Refractive index melamine at 1070 nm Ninel 1.68 + 0i
Refractive index titania at 1070 nm N¢it 2.50 + 0i
Refractive index gold at 1070 nm Ngold 0.27 + 7.15i
Density polystyrene Ppoly 1.05gcm™3
Density melamine DPmel 1.57gcm™3
Density titania Deit 423gcm™3
Density gold Pgold 19.3gcm™3
Viscous drag of microsphere y = 6mRn 9.42 pN s um™?!
Average thermal microsphere velocity Ve = \/W 2.71mmst
Reynolds number Re = Rug,p/n 1.4-1073
Absolute permittivity of water €0€w 70.832- 10713 Fm™!
Effective surface potential Yo 5mV

Debye screening length l 10 nm



Persistence length of DNA 50 nm
Stretch modulus of DNA 1500 pN
Supplementary Table 1: parameters used for calculations.
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Supplementary Figure 1 | Relative height determination of a microsphere using a look up
table (LUT). a. Images of the microsphere (inset) are converted to a radial profile. Radial
profiles of 6 images are averaged and binned over 100 nm. The radial profile is measured
as a function of the microsphere height, using the piezo stage to control the height. (b)
Stack of radial profiles as a function of the relative microsphere height. During a
measurement the microspheres radial profile is compared to the radial profiles in the LUT
to obtain the microspheres height. c. To determine the accuracy of our microsphere



tracking in z (at 25 Hz) we measured the height of a stuck microsphere (2.1 um diameter)
that is moved up and down in a sinusoidal manner using the piezo stage. The standard
deviation of the residues from the sinusoidal fit of the height data is 4 nm, which is the
accuracy we achieve in z. d. The residues in the x- and y-dimension, determined in the
same way as in ¢ but moving the piezo stage in respectively x and y. In both these
dimensions we achieve an accuracy of approximately 2nm (at 25 Hz).
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Supplementary Figure 2 | Schematic overview of a DNA tether pushed out of its
equilibrium position by the Brownian force. a. The displacement due to the Brownian
motion leads to a small angle 8, giving rise to a restoring force. Note that there is also a
difference between the observed center of the microsphere and the real attachment point
of the DNA. b. The displacement and rotation of the microsphere (¢) lead to a different
anchor point position of the DNA and to a restoring torque acting on the center of the
microsphere. The angles a, 8, £ are introduced to assist the calculations. c. Comparison of
the restoring torque and force for the linearized (red) and full model (black). The
residuals (blue) are symmetrical and have a standard deviation of 0.01 pN and 26 pN-nm
for the force and torque respectively. d. Power spectra of the simulated data sets and
plots of the analytical model using the same parameters (¢ 4.26 um, 1.1 kbp DNA). The
spectra from top to bottom are simulated and calculated using applied forces of 0 pN, 0.5



pN, 1 pN, 10 pN, 60 pN for the spectra from top to bottom. The spectrum and plot in the
absence of force is given in blue for reference.
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Supplementary Figure 3 | Calculated power spectra of the Daldrop et al., Velthuis et al.
and the model used in the paper for for a microsphere that is 3 um in diameter, a DNA
molecule with a contour length of 0.3 um and an exerted force of 10 pN. The graph shows
good agreement between the model used in the paper and the Daldrop model. The power
spectrum calculated with the Velthuis model differs significantly below the cut of
frequency.
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Supplementary Figure 4 | The measured force profile within a field of view on the camera.
This plot is acquired by measuring the force on the same bead at 25 different locations

within the field of view using the same laser power. The profile has a FWHM of 74+ 9 nm
(using a 2D Gaussian fit).
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Supplementary Figure 5 | The calculated optical pushing force for different materials
using Mie theory (gravity force is substracted). In general materials with a higher
refractive index experience a bigger force using the same intensity. Calculations were
performed for particles in the center of a 1064nm, 100um FWHM and 8W laser.
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Supplementary Figure 6 | a. Raw data traces of the X (black) and Y (red) position of
a tethered microsphere (¢ 440 nm) in the absence (top) and presence (bottom) of
the Fokl restriction enzyme under a constant force of ~10 fN. If Fokl is present,
looping behavior is observed resulting in smaller bead motion in both dimensions.
b. Root mean square (RMS) traces (2s time window) of simultaneous measured
microspheres under constant force of ~ 10 fN, show clear looping behavior (indicated by
the dashed lines) in the presence of the Fokl restriction enzyme. The length of the DNA in
the unlooped state is 180 nm and | the looped state 115 nm.
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Supplementary Figure 7 | The calculated volume exclusion force of a tethered

microsphere (¢ 440 nm) as a function of DNA contour length'*. This plot shows that the
volume exclusion force decreases less than 10 fN going from looped to unlooped state.
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Supplementary Figure 8 | Calculated free energy change AG at different forces for both

the uncorrected and corrected forces (volume exclusion force taken into account). The
linear fit is used to determine the standard free energy change AG°.
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Supplementary Figure 9 | a. Force response on the DNA (L. = 400nm) if 40pN is applied
instantaneously on the microsphere (¢ 4.26um). The response time of the system is ~
100us. b. It is possible to achieve a linear force response on the DNA if an initial offset is

applied to the force ramp of the laser. Note that a higher ramp results in a lower
maximum force on the DNA.
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Supplementary Figure 10 | a. Power spectra of the Magnetic Tweezer (MT) model (same
as Velthuis et al mode in Supplementary Figure 3) and the Optical Pushing (OP) model
(same as Sitters et al. model in Supplementary Figure 3) calculated for a microsphere that
is 3 um in diameter, a DNA with a contour length of 0.3 um and a exerted force of 10 pN.
The graph shows that the microspheres fluctuations are higher at lower frequencies if
microsphere rotation is taken into account, leading to a higher plateau in the power
spectrum for the OP case. b. Fitting power spectra of simulated data (acquired from
trajectories of 600s) shows the MT model clearly underestimates the applied force,
whereas the OP model predicts the forces accurately. c. The error of the fitted force
(using 10pN) for simulated microsphere trajectories using the MT and the OP model. For
microsphere-tether systems with L./R <2 the OP model is clearly able to fit applied
forces more accurately than the MT model.
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Supplementary Figure 11 | The root mean squared error (RMSE) as a function of force
calibration factor for the small beads (¢ 440 nm). The minimum error corresponds to a
calibration factor of 10.6 fN/W.
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