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A universal entropic pulling force caused by
binding

Hongwei Zuo1,4, Fujia Tian 1,2,4, Chen Zhang 2,4, Qiyuan Qiu 1,4, Yujie Zheng1,
Hao He1, Jiahao Zhang2, Xing-Hua Zhang 2 & Liang Dai 1,3

We report an entropic pulling force that commonly occurs in systems with
molecular ormacroscopic binding. A particle binding to an object produces an
entropic pulling force on the object because the bound particle tends to
escape from this object to gainmore entropy. This entropicpulling effect leads
to an entropic force of ~ kBT=lb, where kB is the Boltzmann constant, T is
temperature, and lb is the binding length. We validate this entropic pulling
effect through simulations and experiments. In macroscopic experiments, a
particle bound to a bead-chain on a vibration platform, where mechanical
vibrationmimics thermal noise, produces an entropic force. In single-molecule
magnetic-tweezers experiments, multivalent ions binding to DNA exert an
entropic force to enlarge the DNA’s diameter, detected through precise
measurement of DNA twist change and twist-diameter coupling. The reported
entropic force has biological and technological implications. Cells may utilize
this entropic force to disassemble protein aggregates in neurodegenerative
diseases, while engineered molecular machines could harness it to exert
controlled force.

Forces in molecular systems can arise from various mechanisms,
including not only van der Waals interactions, electrostatic interac-
tions, and hydrogen bonds but also entropic forces1–7. Entropic forces
are more prevalent than often assumed. A classic example is the
pressure of an ideal gas, which arises purely from entropic effects: gas
molecules expand to maximize their accessible volume, thereby
increasing entropy. This mechanism directly yields the pressure
equation: p � nT , where n is the molecular number density, and T is
temperature. Another illustrative example is the entropic force of a
DNA chain. A free DNA chain naturally adopts a random coil con-
formation to maximize its conformational entropy, just like other
polymers8. Stretching the DNA chain requires overcoming an entropic
force, because a stretched DNA has less conformational entropy.
Based on this entropic mechanism, the force-extension equation can
be derived, such as the Marko-Siggia formula9, which has been
experimentally validated through single-molecule techniques such as
magnetic and optical tweezers9,10.

In this work, we report a universal entropic pulling force arising
from binding. We demonstrate its existence through theoretical ana-
lysis, validate it using simulations as well as macroscopic and mole-
cular experiments, and discuss its biological significance.

Results
Entropic force in a diatomic molecule
To illustrate the concept of entropic force, we begin with a simple
example: how entropy influences the bond length of a diatomic
molecule (Fig. 1a). Consider a bond governed by a harmonic potential:
E=kBT = kspr r � lb

� �2
=2, where kspr is the spring constant. The bond

length r = lb corresponds to the minimum energy. However, the
most probable bond length r� deviates from lb due to entropic
effects. The bond length follows the Boltzmann distribution:
P rð Þ � exp �E=kBT

� �
×4πr2, where 4πr2 considers the entropic con-

tribution of the configuration space. Itmeans thatwith thefirst atomat
the origin, the possible positions of the second atom lie within a

Received: 2 June 2025

Accepted: 22 September 2025

Check for updates

1Department of Physics, City University of Hong Kong, Hong Kong, China. 2College of Life Sciences, Wuhan University, Wuhan, China. 3Shenzhen Research
Institute, City University of Hong Kong, Shenzhen, P. R. China. 4These authors contributed equally: Hongwei Zuo, Fujia Tian, Chen Zhang, Qiyuan Qiu.

e-mail: zhxh@whu.edu.cn; liangdai@cityu.edu.hk

Nature Communications |         (2025) 16:9604 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0003-0866-9326
http://orcid.org/0000-0003-0866-9326
http://orcid.org/0000-0003-0866-9326
http://orcid.org/0000-0003-0866-9326
http://orcid.org/0000-0003-0866-9326
http://orcid.org/0000-0002-2924-7854
http://orcid.org/0000-0002-2924-7854
http://orcid.org/0000-0002-2924-7854
http://orcid.org/0000-0002-2924-7854
http://orcid.org/0000-0002-2924-7854
http://orcid.org/0000-0001-6372-926X
http://orcid.org/0000-0001-6372-926X
http://orcid.org/0000-0001-6372-926X
http://orcid.org/0000-0001-6372-926X
http://orcid.org/0000-0001-6372-926X
http://orcid.org/0000-0002-9487-191X
http://orcid.org/0000-0002-9487-191X
http://orcid.org/0000-0002-9487-191X
http://orcid.org/0000-0002-9487-191X
http://orcid.org/0000-0002-9487-191X
http://orcid.org/0000-0002-4672-6283
http://orcid.org/0000-0002-4672-6283
http://orcid.org/0000-0002-4672-6283
http://orcid.org/0000-0002-4672-6283
http://orcid.org/0000-0002-4672-6283
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64670-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64670-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64670-x&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-64670-x&domain=pdf
mailto:zhxh@whu.edu.cn
mailto:liangdai@cityu.edu.hk
www.nature.com/naturecommunications


spherical shell of volume 4πr2dr, when the bond length is within
½r, r +dr�. Maximizing ln PðrÞ by solving ∂ lnP=∂ r =0 yields the most

probable bond length r� = lb=2 +
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2b=4+2=kspr

q
. This result implies an

entropic bond stretch: Δl =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
l2b=4+2=kspr

q
� lb=2. For the case where

l2b=4≫2=kspr, the equation simplifies to Δl � 2=ðlbksprÞ. The resulting
restoring force, arising from the entropic displacement, is:

f entropy = ksprΔl kBT � 2kBT=lb: ð1Þ

This force pulls the atoms together and originates purely from
entropic effects—hence the term entropic force.

Entropic pulling effect on a membrane
Next, we examine the entropic pulling force generated by a particle
bound to amembrane (Fig. 1c). The boundparticle tends tomove away
from the membrane to maximize its configurational entropy, produ-
cing an effective entropic force that lifts the membrane. To validate
this effect, we performed Langevin dynamics simulations using the
LAMMPS package11, modeling themembrane as a 9 × 9 squaremesh of
beads with the 32 peripheral beads fixed at z =0. The membrane’s
elasticity, characterized by amodulus kmem = 50kBT=σ

2 (where σ is the
bead diameter, our unit length), was calibrated by applying a vertical
force f pull to the central bead and measuring its displacement Δz,
yielding kmem � f pull=Δz. A bound particle was attached to the central
anchor point via a harmonic potential E=kBT = kspr r � lb

� �2
=2, where r

is the particle-anchor distance. The bound particle also interactedwith
membrane beads via a purely repulsive Lennard-Jones potential, i.e.,
the WCA potential12.

Simulations revealed that the bound particle induces an upward
displacement of the anchor point (Fig. 1d), consistent with entropic

pulling, alongside a localized downward force on nearby beads. This
dual effect arises from thermal motion: as the particle drifts away to
maximize entropy, it pulls the anchor upward, while collisions with
neighboring beads transfer downward momentum to them. The net
force on themembrane remains zero, but the spatial forcedistribution
deforms the membrane. We quantified the entropic pulling force as
f entropy = kmemΔz, finding it insensitive to kspr but inversely propor-
tional to lb. A fit to the data yields:

f entropy = 2αmemkBT=lbwithαmem =0:45 ð2Þ

The prefactor αmem =0:45 is determined by the fit of the theore-
tical equation to simulation data. In the following parts of this manu-
script, we have several α values, which are the prefactors determined
by the fit of the theoretical equation to simulation or experimental
data. One likely reason why αmem < 1 is that the push-down effect near
the anchor partially offsets the pull-up force.

Entropic pulling effect on a chain
We now consider the entropic pulling effect for a particle bound to a
chain. To be consistent with the macroscopic experiments presented
below, we conducted Langevin dynamics simulations of a chain and a
bound particle in two dimensions (Fig. 1f). Our simulations show that
the bound particle pulls up the anchor point and pushes down nearby
beads (Fig. 1g). Figure 1h shows the fit to the entropic pulling force in
the simulations:

f entropy =αchainkBT=lbwithαchain =0:7 ð3Þ

Theprefactorαchain =0:7 isdeterminedby thefit of the theoretical
equation to simulation data. Note that when switching from three
dimensions to two dimensions, the configuration space of the bound
particle changes from 4πr2 to 2πr. Consequently, the coefficient 2 in

Fig. 1 | Entropic pulling effects inmany systems. a Bond-length distribution for a
harmonic bond. The peak location, lb +Δl, is larger than the spring equilibrium
length, lb. b Entropic force and Δl. c Simulation snapshot of a membrane with a
bound particle. d The average z-position of different beads on the membrane. The
peak is located at the anchor. e Entropic force and deformation at the anchor.
f Snapshot of a chain with particle binding in a 2D simulation. g Average chain

conformation shows a hump at the anchor for lb =8σ. h Entropic pulling force at
the anchor. i Simulation snapshot of a rod with particle binding. j Entropic force
and deformation at the anchor. k Deformations of different beads on the rod. For
better viewing, thedeformations on a rod are transformed to thedeformations on a
flat surface. The peak is located at the anchor. l, m Entropic force at the anchor
when a harmonic or Coulomb potential is applied for the binding at the anchor.
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Eqs. (1) and (2) reduce to 1 in Eq. (3). The fitting coefficient αchain

accounts for approximations in the theoretical derivation.

Entropic pulling effect on a rod
Next, we consider the entropic pulling effect on a rod to understand
our DNA experiments presented below. We performed Langevin
dynamics simulations of a rod consisting of six layers of beads (Fig. 1i).
We set the bond stiffness and angle stiffness among beads such that
the rod diameter has an elasticity of krod � f D=ΔD =233 kBT=σ

2. The
elasticity was determined by manually applying a force f D and mea-
suring the increase in rod diameter at the anchor point, ΔD. Then, we
attached a particle to a rod bead (anchor point) using a spring with the
spring constant kspr and spring length lb. Figure 1k shows the bound
particle induces an entropic pull-up at the anchor point and an
entropic push-down in the adjacent region, similar to the membrane
case. To clearly view the pull-up and push-down, Fig. 1k transforms the
deformation on a rod surface to the deformation on a flat surface.

Based on ΔD at the anchor point induced by the bound particle,
we calculated the entropic pulling force, f entropy = krodΔD. Figure 1l
shows the entropic force increases for a shorter lb, as expected. The fit
to the simulation results in Fig. 1l yields:

f entropy = 2αrodkBT=lbwithαrod =0:35: ð4Þ

The prefactor αrod = 0:35 is determined by the fit of theoretical
equation to simulation data. It is interesting to point out that for a rod

with particles binding inside the rod, we predict the entropic pulling
effect reduces the rod diameter, which was validated by our CG
simulations (see SI Sec 1).

To further mimic our experiments of DNA deformations by ions,
we assigned a negative charge (-Ze) to the anchor point and a positive
charge (+Ze) to the boundparticle, where Z is the ion valance. In sucha
setting, the Coulomb attraction between the anchor and bound par-
ticle replaces the spring. The Coulomb binding is not permanent and
maybreak during simulation. Accordingly, we change the theoretically
predicted entropic force to:

f entropy = 2αrodγionkBT=lb ð5Þ

where γion is the fraction of ion-rod binding conformations among all
conformations. We numerically obtained γion for different Z from
simulations. After considering γion, Eq. (5) agrees with the simulation
results for Z ≥ 2. For Z <2, the ion particle decreases the rod diameter
through producing an osmotic pressure to the rod (Fig. 1m).

Entropic pulling in macroscopic experiments
To validate the entropic pulling, we performed macroscopic experi-
ments of a chain on a vibration table (Fig. 2a). Here, vibration was used
to mimic thermal noise in microscopic systems, which has been
applied in previous studies13–16 and supported by the agreement of
chain conformation-size distributions inmacroscopic andmicroscopic
cases (see SI Sec S3). Our idea is to examine whether a bound particle

Fig. 2 | Entropic pulling on a macroscopic chain. a A chain was placed on a
vibrating table and monitored by a camera on top. b Experimental snapshot of the
chain. A particle was bound to the chain via a spring, and it can hit the chain during
vibration. The positions of chain beads were recognized by OpenCV. c Average
chain conformationwith a bound particle shows a distinct humpat the anchor. The
sidechain length is lb =4 cm. d Comparison of average main-chain conformations
with upside binding (y > 0) and downside binding (y < 0). e Comparison of average
main-chain conformations with three sidechain lengths: lb = 3, 4 and 5 cm. The

sidechains are always upward. The solid line is from our simulation. f Time evolu-
tion of the anchor position in the y-direction. g Distributions of the anchor and
reference-bead positions: ΩðY anchorÞ and ΩðY ref Þ. The binding is upside. The refer-
ence beads are labeled in (b) and located 5 beads away from the anchor point. The
bottom panel shows the corresponding potential-of-mean-force (PMF). h The dif-
ferences in PMFs between the anchor point and reference beads for lb = 3, 4and5
cm. The dash lines are linear fits.
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can pull the anchoring point of a chain through the entropic effect,
resembling Fig. 1g.

The chain consisted of 70 hollow iron beads connected by an iron
rod. Each bead had a diameter of 0.35 cm, and the chain contour
length was 37 cm. We attached a particle to the center of the main
chain using a spring. To facilitate the attachment, the bound particle
was constructed of two beads (blue) and a short link (< 0.2 cm). A
spring connected the short link and the main chain. The spring length
was lb = 3, 4, or 5 cm. The four beads at the chain ends were securely
fastened to the vibration table using black adhesive tapes, leaving 66
beads for vibration. The end-to-end distance was fixed as 30 cm to
optimize the magnitude of chain conformational fluctuation (see SI
Sec 2.2 for additional experiments with other end-to-end distances).
The electromagnetic vibration table operated with a linear bearing to
ensure vertical vibrations, with a frequency of 40Hz and an amplitude
of 0.09 cm. This amplitude enables sufficient chain motion and redu-
ces the flipping of the bound particle between the two sides of the
main chain. During vibration, the bound particle swings as shown by
two example configurations in Fig. 2b. In each experiment, the vibra-
tion lasted for more than 10minutes, and we recorded the video at a
frame rate of 100 per second for analysis.

We identified the position of each bead in every video frame using
OpenCV17 (Fig. 2b). Figure 2c shows the average main-chain con-
formation with the bound particle, after subtracting the y-coordinate
of each bead in the absence of the bound particle. A hump at the
anchor point demonstrates the entropic pulling effect. The hump is
surroundedby two shallowdepression regions, indicating the entropic
pulling-down effect. To confirm the hump was caused by the bound
particle, we switched the bound particle from the upside to the
downside of the main chain (Fig. 2d) and observed the switch of the
hump direction as expected. It is worth noting that if the hump is
causedby the gravity of the boundparticleon an inclinedplatform, the
hump direction would remain unchanged for both binding directions,
because the pulling direction by the gravity of the boundparticle is not
affected by the binding side. So, the switchof humpdirection in Fig. 2d
excludes the possibility that the hump is caused by the gravitational
pulling on an inclined platform.

Figure 2e compares the humps for three different sidechain
lengths. As predicted by Eq. (5), a shorter sidechain induces a larger
entropic force, validated by experimental results in Fig. 2e.

Next, we performed a free-energy analysis. Figure 2f shows the
evolution of the y-coordinator of the anchor, Y anchor, during vibration.
From it, we calculated the distribution, ΩðY anchorÞ (Fig. 2g) and the
potential of mean force (PMF): Fanchor=ðkBTÞ� = � ln½Ω Y anchor

� ��. We
added a star symbol in ðkBTÞ� to represent an effective Boltzmann
energy in the macroscopic experiments. We will see soon that ðkBTÞ�
can be canceled out. To isolate the effect of the bound particle on the
PMF,weneed toknow thePMF in the absenceof theboundparticle. To
avoid the difference between different experiments, we used the PMF
of some reference beads, F ref , in the same experiments with the bound
particle. These reference beads were selected 5-beads aways from the
anchor point such that they are not affected by the entropic pulling
and also locate in themiddle of the chain, resembling the anchor point
(see SI Sec 2.3 for analysis of another reference bead). Then, we cal-
culated the difference: ΔF = Fanchor � Fref , which corresponds to the
effect of the bound particle. The results of ΔF are presented in Fig. 2h.
Linear fits to ΔF give the equations: ∂ΔF=∂Y anchor = 0.24, 0.2, and 0.15
ðkBTÞ�/cm for lb = 3, 4, and 5 cm, respectively. This linear
behavior agrees with the theoretical prediction in Eq. (3):
f entropy =αchain kBT

� ��
=lb. Experimental results correspond to the

coefficient αchain of 0.72, 0.8, and 0.75 for lb = 3, 4, and 5 cm, respec-
tively. Note that kBT

� �� showsup in both the experimental result ofΔF
and the theoretical prediction f entropy, allowing for comparison with-
out needing the explicit value of kBT

� ��. The effective Boltzmann
energy kBT

� �� cancels out because the pulling force induced by

binding is an entropic force, proportional to kBT
� ��, and the spring

constant of the entropic elasticity for the chain deformation is also
proportional to kBT

� ��. The ratio of these two terms is the chain
deformation magnitude, independent of kBT

� ��. See more discussion
in SI Sec 2.4.

Entropic pulling causes DNA deformation
Then, we present our DNA experiments, aiming to validate the entro-
pic pulling force induced by multivalent ion binding, as shown in
Fig. 1m. We employed single-molecule magnetic-tweezers (MT)
experiments to measure DNA deformations induced by multivalent
ions (Fig. 3a).

MT experiments cannot directly measure DNA diameter. Alter-
natively, we adopted an approach: measuring twist change and then
inferring DNA diameter change based on negative twist-diameter
coupling. The approach was developed by Bustamante et al. 18 and
extensively investigated in our recent studies to investigate DNA
deformations induced by salt, temperature, and force19,20. The
approach achieves precise measurement of DNA twist change by
leveraging the twist accumulation along DNA: a tiny twist change, such
as 0.01 degrees per base pair, can accumulate over 13596 bp DNA in
our experiments and lead to 136 degrees of rotation of DNA ends,
which can be detected by MT.
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Fig. 3 |Measurement ofDNA twist changes inducedby salt. a Setup ofmagnetic-
tweezer experiment. A torsion-constrained DNA was anchored between a glass
slide and a superparamagnetic microbead. DNA twist changes can be detected
through microbead rotation. b DNA twist changes induced by monovalent and
multivalent ions: Na+ and CoHex3+. The data for Na+ are replicated from our pre-
vious study19.
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DNA twist and diameter are negatively coupled19, which has been
pointed out by Bustamante et al. 18 and other studies21. Themechanism
canbe described as follows. DNAbackbone length per base pair can be

expressed as s =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dωð Þ2 +h2

q
, whereD is DNA diameter,ω is DNA twist

angle per bp, and h is the rise of two adjacent base pairs. The restraint
of s causes a negative coupling between D and ω.

Figure 3b shows that increasing CoHex3+ from 0.1μM to 0.1M
causes thedecrease in theDNA twist of 0.16 degree/bp,which suggests
the enlarging of DNA diameter based on negative twist-diameter
coupling. The increase of DNA diameter by CoHex3+ agrees with the
entropic pulling effect by on a rod (Fig. 1m).

Note that addingmonovalent ions, e.g.,Na+, induces an increase in
DNA twist (Fig. 3b), an opposite trend with respect to the effect of
trivalent ions, CoHex3+. The increase of DNA twist by monovalent ions
has been measured and reported in our previous study19. We added
theseexisting results ofmonovalent ions to Fig. 3b inorder to show the
surprising opposite trends induced by monovalent and trivalent ions.

Such opposite trends are predicted by Fig. 1m because the
monovalent ion-DNA binding is weak and the ion-binding fraction γion
in Eq. (5) is small,which deactivates the entropicpulling effect. Instead,
the electrostatic screening effect dominates. Monovalent ions screen
DNA inter-strand repulsion, which reduces DNA diameter and then
increases DNA twist through twist-diameter coupling. The different
mechanisms for monovalent and multivalent ions are illustrated in
Fig. 4a, b. Onemight think the opposite effect of CoHex3+ onDNA twist
is caused byDNA overcharging withmultivalent cations. However, this
explanation is unlikely because DNA overcharging occurs only when
CoHex3+ concentration exceeds a threshold ( ~ 1mM)22, while our
experimental result in Fig. 3b shows the same trend at very low con-
centrations of CoHex3+ down to 0.1μM, where DNA overcharging has
not yet occurred.

To confirm the above mechanism for DNA deformations induced
by ions, we performed all-atommolecular dynamics (MD) simulations
of a 25 bp dsDNA using the sequence CGACTCTACGGAAGGGCATC
TGCGC23. See SI Sec 5.2 for simulation results of different DNA lengths.
We used the GROMACS program24 with AMBER OL15 force field25. For

each concentration of NaCl or CoHexCl3, we ran a simulation for
600 ns. Our simulations provide several results. First, they reproduce
two experimental trends: addingNa+ increasesDNA twist, while adding
CoHex3+ decreases DNA twist (Fig. 3b). Second, they reveal that Na+

decreases DNA diameter, whereas CoHex3+ increases DNA diameter, as
predicted. Third, our simulations observed thenegative twist-diameter
coupling for DNAwith CoHex3+, similar to the case of DNAwith Na+19 as
shown in Fig. 4c. We quantify this coupling by the two-dimensional
potential of mean force (PMF) with respect to DNA twist and diameter
(Fig. 4d). Fitting the PMF19 by F = kω Δωð Þ2 + kD ΔDð Þ2 + kωDΔωΔD yields
the coupling constant kωD≈5.46 ±0.56 kBT/deg.nm. This coupling
constant is insensitive to csalt (Supplementary Table S1).

To further validate the entropic pulling effect, we performed
additional simulations: adding artificial springs betweenNa+ ions (orK+

ions) and phosphate groups on DNA (Fig. 4e and SI Sec S5.3). These
artificial springs are used to make strong Na+-DNA binding, like
CoHex3+. As expected, these artificially bound Na+ or K+ ions enlarge
the DNA diameter, like CoHex3+. For comparison, the normal MD
simulation results without artificial springs are shown in Fig. 4f. Since
twist-diameter coupling is always effective, reversing the direction of
diameter change causes the reversal of the direction for twist change
(Fig. 4e, f).

Then, we validate the theoretically predicted entropic pulling
force induced by ions. The predicted and measured pulling forces
follow:

f predictedentropy = 2αdnakBT=lb,

fmeasured
entropy = kDΔD

ð6Þ

where lb = 0.3 nm is the average distance between bound cations and
DNA phosphate groups, kD � 275 kBT=nm

2 is the elasticity of DNA
diameter19, and ΔD is DNA diameter variation induced by ion binding
and can be measured in simulations. By matching f predictedentropy and
fmeasured
entropy , we obtain αdna � 0:56, which is close to αrod =0:35 in Eq. (4).
The relationship betweenmeasured andpredicted forces canbe found
in SI Sec 1.5.

Fig. 4 | Mechanisms for DNA diameter and twist changes. a, b Illustration of two
mechanisms: electrostatic screening and entropic pulling. Surface electrostatic
potentials were calculated by the APBS solver34. c DNA twist versus diameter at
different ion concentrations. d The two-dimensional potential of mean force from

the simulation results at 0.08mM CoHex3+. e Connecting Na+ or K+ ions with DNA
phosphate groups by artificial springs, and the corresponding changes in DNA
diameter and twist. f Simulation results when turning off the artificial springs.
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Lastly, we apply the entropic pulling effect to calculate the DNA
twist change induced by CoHex3+. First, we need to know the number
of CoHex3+ ions binding on each DNA phosphate group, Nphos

Co , for a
given csalt. We calculated Nphos

Co from our all-atom MD simulations (SI
Sec S5.4) and obtained the empirical equation:

Nphos
Co = csalt=c0

� �0:3
: ð7Þ

where c0 = 4:1M. Then, the entropic pulling force on each base pair is

f D =2Nphos
Co f 1 = 2

csalt
4:1

M
� �0:3

× 2 ×0:56 ×
kBT

0:3× 10�9
ð8Þ

The first coefficient 2 is added because each base pair contains
two phosphate groups. Our previous study19 has derived DNA twist
change induced by the force that enlarges DNA diameter:

Δω= � f DkωD

kωkD � kωD

� �2h i ð9Þ

where kω is the twist stiffness. As shown by the solid black line in
Fig. 3b, our theory roughly agrees with our experimental and simula-
tion results.

The above calculations using Eq. (9) only consider the entropic
pulling effect caused by the strong binding of CoHex3+, but ignores the
electrostatic screening of inter-strand repulsion provided by CoHex3+

ions. In principle, both effects should exist. After considering the
electrostatic screening effect of CoHex3+ ions and the background
NaCl, the effective force to changeDNAdiameter is the combination of
entropic pulling force and electrostatic repulsion force, f elec:

f 0D = f D + f elec: ð10Þ

Thederivation of f elec can be found in our previouswork and SI Sec.
S5.6 based on Manning’s theory19,26. Substituting f D by f 0D, our theore-
tical calculations achieve better agreement with experimental and
simulation results, as shown in Fig. 3(b). See Fig. S21 for more details.

Biological relevance of the entropic pulling force
Cells generate force in multiple ways to accomplish different tasks.
Recent studies have found that entropic force can be generated in
many proteins, especially heat shock proteins (Hsps)2 and intrinsically
disordered proteins27. These proteins are often bound to or restricted
by other objects. Some fragments of these proteins tend to escape to
gain more entropy, which produce entropic pulling force.

Recent studies have found that Hsp70, one type of Hsp protein,
utilizes entropic force to perform critical biological functions2, such as
unfolding misfolded proteins1,28,29 and disassembling protein
aggregates3. Protein aggregation is a key reason for neurodegenerative
diseases such as Alzheimer’s disease and Parkinson’s disease, and
hence controlling the entropic force can help to develop new ther-
apeutic approaches for neurodegenerative diseases4,30.

Entropic force is also produced and utilized by intrinsically dis-
ordered proteins for various cellular tasks, including facilitating
membrane-curvature sensing31–33 and transporting peptides across
membranes5. For some partially disordered proteins, the disorder
segments of the protein can produce an entropic force to tune bio-
logical functions of the ordered segments of the protein6.

Compared with these previous studies, our work presents
experimental, analytical, and simulation results for the entropic force
in a series of systems. Integration of these results provides a simple yet
comprehensive understanding of the physical mechanism underlying
this entropic force.

Discussion
We have demonstrated a universal entropic pulling effect arising from
both molecular and macroscopic binding. From the viewpoint of sta-
tistical physics, a bound particle tends to explore more space to gain
more entropy. This tendency is restricted by the binding interaction,
resulting in an entropic force on the order of kBT=lb. At room tem-
perature (298 K), kBT equals ~4.114 pN·nm, and hence the entropic
force is on the order of pN given typical binding lengths on the nan-
ometer scale. This entropic force has biological and technological
implications. Cells may utilize it to disassemble pathogenic protein
aggregates in neurodegenerative diseases, while engineeredmolecular
machines could harness tunable binding to regulate entropic-force
generation. In addition, the opposite DNA twist changes induced by
multivalent andmonovalent ions offer rich pathways to design stimuli-
responsive twisted DNA nanostructures and generate controlled
torque.

Methods
Coarse-grained and all-atom simulations
Coarse-grained Langevin dynamics simulations were implemented in
the LAMMPS program. The all-atom molecular dynamics (MD) simu-
lations of DNA molecules, ions, and water molecules were carried out
using the GROMACS program22 with AMBER OL15 force field23. More
details can be found in SI.

Experiments with a chain on a vibration table
We placed a chain on a vibration table and validated the predicted
entropic pulling force produced by a bound particle to the anchor.
More details can be found in SI.

Single-DNA magnetic-tweezers experiments
We measured salt-induced DNA twist changes using the following
procedure19. (i) We prepared a single torsionally constrained double-
stranded DNA molecule, tethering one end to a glass slide and the
other to a magnetic bead. (ii) A constant pulling force of 0.3 pN is
applied while the DNA is rotated. For each rotation angle, we record
the DNA extension, generating a rotation–extension curve. The rota-
tion angle yielding the maximum extension corresponds to the tor-
sionally relaxed state, since both negative and positive torsions
shorten the DNA. (iii) While holding the same DNA molecule, we
change the buffer condition (e.g., by adding CoHex³⁺) and repeat the
rotation–extensionmeasurement. The altered salt condition shifts the
torsionally relaxed point. This shift is quantified as the number of
rotation turns,N�

turn, whichmaybe fractional. (iv) Finally, the change in
DNA twist angle per base pair is calculated as Δω= ðN�

turn × 360
oÞ=Nbp,

where Nbp � 13:6× 103 is the number of base pairs in the DNA. More
details can be found in SI.

Data availability
The authors declare no competing interests. All data needed to eval-
uate the conclusions in the paper are present in the paper and the
Supplementary Information. Source data for figures are provided with
this paper. Source data are provided in this paper.

Code availability
The source code for coarse-grained all-atom simulations, as well as
analysis code, can be found via GitHub https://github.com/
cityuBiophysics/Entropic-Pulling-Force and https://doi.org/10.5281/
zenodo.17160714.
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