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We conduct optical-tweezers experiments to investigate the average potential energies of passive plates harmonically
trapped in bacterial suspensions. Our results show that the mean potential energies along both the major and minor axes
increase with bacterial concentration but decrease with trap stiffness. Notably, the average potential energy along the major
axis consistently exceeds that along the minor axis. This discrepancy from equilibrium systems is primarily attributed to
the distinct bacterial flow fields and direct bacterium—plate collisions near the major and minor axes, as evidenced by the
higher orientational order around the plate along the major compared to the minor axis, despite identical bacterial densities
in these regions. Our findings highlight the critical role of hydrodynamic interactions in determining the potential energy

of passive objects immersed in an active bath.
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1. Introduction

Active matter, consisting of self-propelling units that
convert stored or environmental energy into mechanical mo-
tion, is ubiquitous in nature, biological and physical sys-
tems, including biological tissues,!'! bacterial colonies,*]
artificial nanomotors,[7°] flocking birds, 19121 and human

[13-15]

crowds. Unlike passive systems, active matter sys-

tems are inherently out of equilibrium at the level of indi-
vidual constituents, giving rise to a range of novel behav-

iors absent in equilibrium systems, such as dynamic self-

[16-18]

assembly, motility-induced phase separation,!°-!1 and

collective motion.?>23 Moreover, active matter significantly
influences the behavior of immersed passive objects, leading

to phenomena distinct from those of passive Brownian par-

ticles in thermal baths, including enhanced diffusion,2¢-%°]

30-33]

abnormal effective pressure and interactions, ! and

curvature-dependent accumulation.[34-36]

Active systems,
thus, provide experimental platforms for exploring and ad-
vancing theories of nonequilibrium physics due to their intrin-
sic nonequilibrium properties.

A fundamental result of equilibrium statistical mechan-

fCorresponding author. E-mail: Ihningphy @cup.edu.cn
fCorresponding author. E-mail: ¢jq7745@163.com

CSTR: 32038.14.CPB.adbee6
ics is the energy equipartition theorem. In its basic form,
each quadratic term in the Hamiltonian contributes an equal
amount of energy, 0.5kg7, to the system’s average energy.
For a colloidal harmonic oscillator in equilibrium, this applies
equally to both kinetic and potential energies. Consequently,
a Brownian colloidal particle can be used to probe the lo-
cal potential by analyzing its position probability distribution,
U, = Uy = 1k (Ax?) = Jky (Ay*) = 0.5k T, where Ax and Ay
are the displacements from the particle’s equilibrium position.
Recently, there has been growing interest in the search for a
generalized equipartition theorem in nonequilibrium systems,
which has emerged as a hot topic. 373!

Maggi et al. demonstrated that the average potential en-
ergy of a passive spherical particle confined harmonically
in a bacterial suspension depends on the stiffness of the

1381 which has been corroborated by both experiments and

[39

trap,
simulations.3) The generalized equipartition theorem in ac-
tive systems differs fundamentally from its equilibrium coun-
terpart. Surprisingly, previous simulations that excluded hy-
drodynamic interactions can well reproduce experimental re-

sults for the average potential energy of spherical particles

© 2025 Chinese Physical Society and IOP Publishing Ltd. All rights, including for text and data mining, Al training, and similar technologies, are reserved.
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in harmonic traps. This agreement suggests that bacterial
collisions play a dominant role in determining the poten-
tial energy of spherical particles.**3°1 This conclusion ap-
pears counterintuitive, as the flows generated by active units
significantly influence the effective interactions,’%! the self-
organized structures and dynamics of both active and pas-

sive objects.[28:2940.411 The

seemingly inconsistent observa-
tions raise an intriguing question: how do hydrodynamic in-
teractions fundamentally impact the average potential energy
of particles in active fluids?

In this paper, we investigate the average potential energy
of a plate harmonically trapped by optical tweezers in bacte-
rial suspensions. Platelike objects are chosen for their ability
to facilitate the alignment of active agents,!*>*) thereby en-
hancing hydrodynamic contributions. Our results reveal that
the average potential energies along both the major and minor
axes increase with bacterial concentration but decrease with
trap stiffness, while the average potential energy along the ma-
jor axis consistently exceeds that along the minor axis, which
deviates from the prediction of the equilibrium equipartition
theorem. Furthermore, video microscopy shows that bacterial
alignment with the plate is higher along the major axis than
that along the minor axis, while bacterial densities remain ap-
proximately equal between them. These findings suggest that
the observed difference in average energy between the major
and minor axes primarily arises from distinct bacterial flow
fields and direct bacterium—plate collisions near the respective
axes.

2. Experimental method

A dilute dispersion of plates, fabricated lithographically
using SU-8 polymer!*®! with dimensions of (20.0 x 7.5 x
7.5) um?, is mixed into a suspension of Escherichia coli
(E. coli) (6 =1.0+0.13 um in diameter, / = 3.0+ 0.11 um
in length, swimming at vg = 10.8 = 0.88 um/s in deionized
water).[3%1 A few polystyrene (PS) beads with a diameter of
o = 10.0 um are added as spacers to ensure a uniform sam-
ple thickness of 0 = 10.0 pm. The mixture is then sealed
in a closed chamber to prevent chemotaxis and external fluid
flows. Images are captured using a bright-field microscope
(Nikon Ti-U) with a water-immersed 60x objective lens and
a camera recording at 30 frames per second. The positions of
both the plates and bacteria are extracted from the recorded
images using customized particle tracking techniques. 748!

The plate is positioned in the focal plane of the micro-
scope using optical tweezers (Aresis Tweez 250si) and is ap-
proximately centered in the z direction of the sample to prevent
direct contact with either the top or bottom glass surfaces, as
shown in Fig. 1(a). Figure 1(b) illustrates that eight optical
tweezers (laser wavelength A = 1064 nm) are used to hold

the plate, preventing it from flipping during experiments. The

plate is confined within an effective optical harmonic potential
trap formed by the eight optical tweezers and exhibits slight
fluctuations around the trap center. Displacements from the
center of the trap in the x and y directions are denoted by Ax
and Ay, respectively.

(b 58pm|58um 58pm13pm

2.75 pm Minor
2.0 pm axis
2.75 pm | direction

1_> Major axis dlI‘e(,tl()H

Fig. 1. (a) Schematic experimental setup with a plate (grey square)
trapped between two cover slides (thick black lines) using eight optical
tweezers. The observation plane, indicated by the black dashed line, is
positioned at the optical waist of the tweezers. (b) Position distribution
of the eight optical tweezers on the plate (grey ellipse-like with black
edges) in the xy-plane, with orange circles marking the positions of the
optical tweezers. The red arrows indicate the directions of the major
and minor axes of the plate in the xy-plane.

The average potential energy of the plate in the x (along
the major axis of the plate) and y (along the minor axis of
Ax*) and Uy =
%ky <Ay2> in the linear region of the effective harmonic traps,

the plate) directions is given by U, = %kx<

respectively. Here, Ax? and Ay? represent the square distances
between the plate’s position and the center of the effective har-
monic trap along the x and y axes, respectively, while k, and
ky are the effective stiffness coefficients in these directions.
The effective potential energies U, and U, are calculated from
the plate positions recorded over 20000 frames. By varying
the bacterial concentration and the laser intensity of the op-
tical tweezers, we investigate the effects of bacterial packing
fraction ¢ and stiffness coefficients k, and k, on the potential
energies U, and Uj.

3. Results and discussion

3.1. Effective stiffness coefficients k, and k, of the optical
traps

The effective stiffness coefficients &, and k, of the optical
traps, which depend on the laser intensity, can be calibrated by
measuring the distribution of trapped plates in water without
bacteria (in equilibrium). In thermal equilibrium, the potential
Ax) = LkAx? and U(Ay) = $ky,Ay?, of the plates
follow the Boltzmann distribution, and Ax and Ay, represent-

energies, U(

ing the displacements of the plates from the trap center in the
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x and y directions, follow the Gaussian distribution

—U(Ax —k A2
P(Ax) o< exp <kB(T)> - exp( ot ) (1)

—ky Ay?
= . 2
(G ) @

P(Ay) o< exp (_[kJB(?y)>

Here, kg T is the thermal energy. Figures 2(a) and 2(b) plot Ax
and Ay distributions of the plate for different bacterial concen-

trations ¢@. In thermal equilibrium (¢ = 0), the distributions of
Ax and Ay are accurately fitted to Egs. (1) and (2), as shown by
the solid black lines, from which the stiffness coefficients k,
and k, can be extracted. However, due to the influence of the
interactions from the bacterium—plate collisions and bacterial
flow fields, the probability of the plate moving further from
the trap center is higher than in the equilibrium case, and the
range of motion increases with the bacterial concentration.
This effect is less pronounced at low concentrations, where
the distributions of Ax (¢ = 0.043) and Ay (¢ = 0.043,0.067)
still follow a Gaussian form, as shown by the red and blue
lines in Figs. 2(a) and 2(b). As the bacterial concentration
increases, the distributions of Ax (¢ = 0.067,0.093,0.114)
and Ay (¢ = 0.093,0.114) can no longer be well fitted by
a Gaussian distribution, and the deviation from the Gaus-
sian distribution becomes more noticeable with bacterial con-
centrations of ¢ = 0.093, 0.114. Such non-Gaussian dis-
tributions are frequently observed in active systems.[3%3%]
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Fig. 2. The distributions of the displacement Ax and Ay of the plate from
the trap center along the (a) x and (b) y directions at different bacterial
concentrations ¢. The symbols and solid lines represent the experimen-
tal data and the fitting curves of Eqgs. (1) and (2), respectively.

The stiffness coefficients k, and ky are calibrated from four in-
dependent measurements by analyzing over 20000 frames of
plate positions harmonically trapped in the absence of bacte-
ria. Due to the unique structure of the plate and the different
arrangements of the optical tweezers along the x and y direc-
tions (as shown in Fig. 1(b)), the same laser power results in
different values for k. and k, in the two directions. By tuning
the laser intensity, we obtained the following series of stift-
ness coefficients: k, = 1.38, 2.03, 3.17,3.91, 5.12, 6.17, 7.18,
9.78 pN/um, and k, = 1.64,2.52,3.65,5.45,7.11,7.66, 10.21,
12.63 pN/pum.

3.2. Influence of stiffness coefficients k, and ky on the av-

erage potential energy U, and U,

Firstly, we investigated the effect of bacterial concentra-
tion on the normalized potential energy U,/kgT and U, /kgT
of the plate with a constant laser intensity. k, and k, were
calibrated to be k, = 2.03 pN/um and k, = 3.65 pN/um by an-
alyzing the positions of the plate over 20000 frames without
bacteria at a specific laser intensity. Figure 3(a) shows the nor-
malized potential energy U/kgT and U, /kgT of the plate as
a function of the bacterial packing fraction @ = N X Sg/Stot,
where N is the bacterial number, Sg = (3.0 x 1.0) um? is the
area of a single bacterium, and S is the total area of the view-
ing field. In equilibrium (i.e., in the absence of bacteria), both
Uy and Uy, are equal to 0.5kg T, indicating that the average po-
tential energies of the plate are identical in both directions,
consistent with the equipartition theorem of energy for equi-
librium systems. As the bacterial concentration increases, the
system moves away from equilibrium, leading to an increase
in both U, /kgT and U, /kgT, but with U,/kgT consistently
exceeding U, /kgT .

To understand the underlying causes of the differences in
U, and U, of the plate, we conducted more detailed analysis
of the influence of k, and k, on U, and U,, respectively. Fig-
ures 3(b) and 3(c) show the relations between the normalized
average potential energy U, /kgT and U, /kgT of the plate and
the optical trap stiffnesses k, and k. In equilibrium, both U,
and Uy are equal to 0.5kgT and remain constant as k, and k,
increase [Fig. 3(b)]. However, in the bacterial suspension, U,
and U, decrease with the stiffnesses k, and k,, respectively
[Fig. 3(c)], which is consistent with previous studies.3%3%
The effect of the active bath on the average potential energy U,
and Uy, of a passive particle harmonically trapped can be theo-
retically analyzed by including an active colored noise term in

the traditional overdamped Langevin equation!38-39-4%1

Ax = e F (Ax) +nf + 1 3)

Here, U, is the mobility of the passive plate, F(Ax) = —k,Ax
is the restoring force exerted by the external trap, and Ax is
the displacement of the passive particle from the trapped cen-
ter. 7MY refers to the thermal noise with <n;ra (t)nxTﬁ (¢ )> =
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2D} 846(1 —1'), where DI = p,kgT is the diffusion coef-
n
represents the active noise and satisfies <17)ﬁ,t(t)n)ﬁ3 (¢ )> =

ficient of the passive plate due to the thermal bath.

D2 8,pexp(—|t—1'|/Tc) /T, where D denotes the active con-
tribution to the particle diffusion coefficient characterizing the
strength of active fluctuations, and 7, is the correlation time of
the active fluctuations. From Eq. (3), the displacements of the
passive particle from the trapped center can be calculated as

4 !
Ax(r) = Ax(0)e A 4 e /0 (ng +ndye hdr’. @)

The mean square of Ax(z) is given by

D} DA 1
sz t — X 1_ 72uxkxt X
< ( )> uxkx( € )+,uxkx 1_(“xerx)2
X [1 _ elelekxl +kax7x(ze*l/’€x7[,lxkxt

—e 1], )

and the average potential energy of the passive plate along the

x direction is

1 1 Dy |
Urke) = ke lim (A (1)) = kT + - —————
w(ke) = Sk lim (Ax(1)) = Sk o T ket
1 Ay
= kpT+ ——. 6
2B T Bk, ©

Following the same process, the average potential energy of
passive plate along the y direction can be expressed by

Uy (ky) L T+ g ! L T+ 4y (7
;) = <—KB —— ———— = —KB S ——
I 2 2uy 1+ pykyt, 2 1+ Byky
Here, kgT /2 originates from thermal noise, A, = zDTi’ B, =

D} .
UxTy, Ay = ﬁ, and By = u,7T, are the parameters of active
3

noise. We used Egs. (6) and (7) to fit the experimental data
in Fig. 3(c), shown as the blue and red solid lines with A, =
89894.99 pN-um, B, = 277546.31 um/pN, A, = 0.21 pN-um,
and By = 0.84 um/pN. The noise parameters along the major
axis (Ay, By) of the plate are much greater than those along the
minor axis (Ay,By), indicating that the active fluctuation ex-
perienced by the plate along the major axis is much stronger
than that along the minor axis, which leads to U, being greater
than U,. In the absence of the bacteria, the active noise van-
ishes, and the parameters Ay = By = A, = B, = 0. In this case,
Egs. (6) and (7) reduce to Uy(k,) = Uy(ky) = kgT /2, which
corresponds to the equipartition theorem of energy widely
used in equilibrium systems.

In the bacterial suspension, the dependence of the average
potential energy of the passive plate on confinement can be
explained by the interaction between the plate and surround-
ing bacteria. The passive plate, under the influence of ther-
mal fluctuations, bacterium—plate collisions and bacterial flow
fields, may deviate from the center of the optical trap. The
maximum displacement of the passive plate from the trap cen-
ter in the x direction, with the influence of bacterium—plate col-
lisions and bacterial flow fields, is given by Ax = F /k,. Due to
the force balance between the applied force from bacterium—
plate collisions and bacterial flow fields, F, and the restoring
force (F(Ax) = kyAx) from the optical trap, the active con-
tribution to the average potential energy can be estimated as
1kAx* = F?/(2k,), which is negatively correlated with the
effective stiffness coefficient &, of the optical trap.

40— T T T T 0.8 T T T T 150 T T T T
0.6 o U‘L (a‘) (b) —o— Uz (C) o UT
., 3 Jﬁ el o1 0T ——y, 1 120f °oU, 1
m ;\”’ ~ 0.6} ] & ool Fitted line ]
i 201 ¢ v‘i’: ' /g Uz
= S é{:%ug - < 60} —u,
—0.003 0 0.003 2 0.5F ({)——/ - i 1
10t :é ~ ; ’{’ =
— = = 0.4F i 301 B
I &
’ . y : : . 0.3 - . - - ot - . - - :
0 0.03 0.06 0.09 0.12 0 3 6 9 12 15 0 3 6 9 12 15
¢ k (pN/um) k (pN/um)

Fig. 3. Normalized average potential energy U /kgT of plate along the x and y directions in optical traps. (a) The relation between Uy /kgT and
Uy /kgT of the plate and bacterial concentration ¢. The symbols and dashed lines represent the experimental data and linear fits, respectively.
Inset: In equilibrium (without bacteria), both U, /kg T and U, /kgT are equal to 0.5. (b) In the absence of bacteria, U, /kgT and Uy /kgT remain
constant at 0.5 regardless of the optical coefficient k, and k. (c) In the bacterial suspension with ¢ = 0.14, Uy /kgT and Uy /kgT decrease with
increasing stiffness coefficients k, and k,. Hollow squares and circles represent the experimental data of U, /kgT and U, /kgT, respectively,
while the blue and red solid lines indicate the fitting curves of Egs. (6) and (7) to the experimental data.

3.3. Impact of bacterial flow fields and bacterial collisions
on the average potential energy U, and U,

However, unlike the equilibrium state, the average poten-
tial energy of the plate in the x direction (along the major axis)
consistently exceeds that in the y direction (along the minor
axis) at different constraints k, and k,, which is consistent with

the results for Uy and Uy, obtained at various bacterial concen-

trations [Fig. 3(a)]. To better understand the microscopic ori-
gins of this anisotropy in the average potential energy, we in-
vestigate the spatial density distributions and orientation order
of bacteria surrounding the plate along the major and minor
axes. The local density and orientation order are measured
within a series of rectangular bins (7.5 x 4.6) um? parallel to

the major and minor axes of the plate at different X and Y posi-
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tions, as shown in Fig. 4(c). The blue and yellow dashed boxes
correspond to the rectangular bins parallel to the major axis (Y
change) and minor axis (X change) of the plate, respectively.
The relative density, p; = Pioc/P = - Soin/ (Mot - Stotvin) i
the ratio of the local density (pjoc) to the average density (p).
Here, n represents the local bacterial count in a rectangular
bin, Spin = (7.5 x 4.6) um? is the bin area, Nyo; = Y7 is the to-
tal bacterial count, and Sioin = Y. Skin. The local orientational
order is defined as Q = (|cos 6|} (along the major axis) and
0 = (|cos By|) (along the minor axis), 3% where 6, (6,) repre-
sents the angle of the bacterial body relative to the plate along
the major (minor) axis, and ( ) denotes the ensemble average.

Figures 4(a) and 4(b) show p; and Q as functions of po-
sition for different k, and k,. For all k, and ky, the bacterial
number density and orientational order near the plate surfaces
are significantly higher than in other regions, indicating that
bacteria tend to accumulate near the plates and swim parallel
to them.3%#21 However, the orientation of bacteria along the
major axis of the plate (Y change) is consistently higher than
that along the minor axis (X change), regardless of whether
ky is close to k, [Fig. 4(a)] or there is a significant difference
between them [Fig. 4(b)], indicating that bacteria exhibit a
stronger preference for swimming parallel to the major axis

In the bacterial suspension, the plate deviates from its
equilibrium position due to the combined effects of thermody-
namic energy kg7, bacterium—plate collisions, and bacterial
flow fields. There is no significant difference in thermody-
namic energy kg7 [Fig. 3(b)] and bacterial concentration p;
[Figs. 4(a) and 4(b)] along the major and minor axes of the
plate. However, a notable difference in the local bacterial ori-
entational order Q is observed between the axes [Figs. 4(a)
and 4(b)]. Thus, the difference in plate positions fluctuations
along the major and minor axes is primarily driven by the
bacterial flow field and bacterium—plate collisions. First, as
bacteria tend to move preferentially along the major axis of
the plate, a flow field is generated near faces (3) and (4) of
the plate [Fig. 4(c)], resulting in a drag force along the ma-
jor axis. Second, the probability of bacterial collisions with
faces (1) and (2) is slightly higher than with faces (3) and (4),
due to a lower local orientational order Q along the minor axis
but the identical bacterial relative density p, along both axes.
These factors result in more pronounced perturbations along
the major axis of the plate, causing greater displacement of
the plate along the major axis, i.e., Ax is greater than Ay. Con-
sequently, the average potential energy along the major axis
U, = 3ke (Ax?) is larger than the potential energy along the
minor axis Uy = %ky <Ay2>.

of the plate.
: . 4 .
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Fig. 4. Distributions of bacterial relative density p, and local orientational order Q along the major and minor axes of the plate at different X
and Y positions for the stiffnesses of (a) k, = 7.18 pN/um, ky = 7.11 pN/um, and (b) k, = 2.03 pN/um, k, = 3.65 pN/um. Solid and hollow
symbols represent p, and Q, respectively. The positions of the plate are indicated by the grey-shaded regions with black edges. (c) Sketch of
the difference in bacterial flow field along the major and minor axes of the plate. The blue and yellow dashed boxes represent the rectangular
bins (7.5 x 4.6) um? parallel to the major axis (¥ change) and minor axis (X change) of the plate, respectively.

4. Conclusion

In summary, we investigate the average potential energy
of a passive plate trapped in harmonic wells within active
E. coli suspensions. The average potential energies, U, and
Uy, increase with the bacterial packing fraction ¢ and decrease
with the restraint intensities k, and ky, respectively. Bacte-
ria exhibit a preference for swimming along the major axis of
the plate compared to the minor axis, despite having identi-
cal bacterial relative density along both axes. Incorporating
the characteristics of bacterial flow fields, the drag force on
the plate along the major axis is greater than along the minor
axis. Additionally, the probability of bacterial collisions with
the minor axis of the plate is slightly higher than that with the
major axis. As a result, the plate experiences a greater range of

motion along the major axis. Consequently, the effective po-
tential energy of the plate along the major axis (x direction) is
consistently higher than that along the minor axis (y direction).
This property, which significantly deviates from the equiparti-
tion theorem in equilibrium systems, is driven by the impact of
bacterial flow fields and bacterial collisions in active nonequi-
librium systems. Our findings emphasize the significant role
of hydrodynamics in shaping the potential energy of passive
particles in active nonequilibrium systems.
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