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General introduction

Active matter is one of the novel and most fascinating topics in soft matter physics.

This term describes a huge class of systems spanning from microscopic to macro-

scopic scale. These systems can be modeled in terms of single units or as a collection

of such individual units moving by taking energy from internal source or from their

environment. These self-propelled or active units such as motile microorganisms,

Janus particles or starlings and fishes display complex dynamics far from thermal

equilibrium.

In particular, motile microorganisms have developed interesting swimming strate-

gies to overcome the limitations imposed by the low Reynolds number due to their

small size [1]. In an environment where viscous forces dominate over inertial forces,

microorganisms such as the algae Chlamydomonas reinhardtii or the bacterium Es-

cherichia coli move beating flexible oars or rotating a corkscrew-like helical bundle.

Both kind of these organisms use flagella to move: in Chlamydomonas flagella form

flexible oars, while in E.coli they form a helical bundle. Describing and understand-

ing the dynamics of these biological systems is an attractive challenge for experi-

mental and theoretical physics. In E.coli, the flagellar motors push the cell forward

for a certain persistence length, interrupted by a sudden change in direction, which

produces a the characteristic run-and-tumble motion [2]. This dynamics, while dif-

fusive at large temporal and spatial scales, can be considered as ballistic at small

time and space scales. Most importantly, this process needs metabolic energy or a

food source to be realized, which characterizes systems far form thermal equilibrium

[3]. Therefore, run-and-tumble motion represents a good paradigm to describe an

out-of-equilibrium dynamics.

A first investigation can be done on the effects of the application of an external
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field on bacteria suspensions [4]. The sedimentation effect on non-motile colloidal

particles is well known: it results in a stationary density profile which depends on

the drift velocity in gravitational field and a diffusion coefficient, according to the

Boltzmann law. Bacteria move with a certain run speed and a statistically given

tumbling rate. Consequently, a steady state is reached, the stationary density profile

depends on an effective diffusion coefficient related to bacteria speed and tumbling

rate. Recently, the sedimentation effect in active matter has been investigated using

Janus particles [5]. These particles, as suggested by their name, are composed of two

halves having different chemical properties. They self-propel in presence of hydroxyl

peroxide fuel. In a gravitational field, Janus particles display a steady density profile

conforming with the Boltzmann law with an effective diffusion coefficient. Since the

effective diffusion coefficient can be thought as resulting from an effective tempera-

ture, active systems may be said to be “hot” colloids.

The rectification effect is another intriguing aspect of run-and-tumble dynamics.

A bacterium approaching a straight wall aligns its motion, continuing to swim in

the same direction even after the wall end, until the next tumbling event. Thus,

bacteria near a wall rectify their motion. This effect has been used to concentrate

bacteria on one side of a two-dimensional bipartite micro-device, having at its cen-

ter a wall made of asymmetric funnel-shaped barriers. The funnel shape makes the

probability of crossing the barrier asymmetric, leading to different stationary states

in bacteria density distributions over the two sides [6]. Furthermore, bacteria can

rectify their motion in asymmetric environments and cooperatively work. In fact, it

has been observed that in an active bacterial bath, an asymmetric micro-cog rotates

unidirectionally [7].

In this thesis, both aspects related to run-and-tumble motion are inquired. In

particular, we apply a centrifugal field to study the space-dependent motility dis-

tribution and to test the centrifugation method to separate cells according to their

motility [8], whereas, in order to study bacteria suspensions in asymmetric land-

scapes, we build a three dimensional structure where passive colloidal particles can

be spatially organized by a suspension of swimming bacteria [9]. To characterize our

E.coli samples and to choose the best growth protocol [10], we use Image Correlation

Spectroscopy (ICS). This imaging technique, based on the Fourier analysis, permits

a fast and accurate analysis of the sample and allows us to characterize the dynam-
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ical parameters of the cells. We have used the ICS technique also for studying the

effects of centrifugal forces on bacteria suspensions [11]. More recently, we started to

investigate the interaction between individual bacteria using the holographic optical

twezeers [12, 13]. We are also testing a fluorescent labeling protocol (described in

[14]), make to observable the whole cell, including its minute flagellar filaments.

Our experiments are designed and performed aiming at improving our understanding

of active system and at opening new technological perspectives.
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Chapter 1

Active suspensions of

swimming bacteria

Active matter is a term which describes a material (either in the continuum or

naturally decomposable into discrete units), which is driven out of equilibrium

through the transduction of energy derived from an internal energy depot or

ambient medium into work performed on the environment. G.I. Menon[15]

1.1 Introduction

Active suspensions of swimming bacteria are comprised by self-propelled units, inde-

pendent of each other but able to interact, and thus exhibiting a collective behavior.

These units move using energy sources from the environment for instance, in presence

of a chemical gradient, bacteria perform chemotaxis, directing themselves towards

or against the gradient [16]. Bacteria, whose typical size is of the order of few mi-

crons, have developed swimming strategies different from those adopted by larger

organisms. As explained in Sec.1.2, microscopic swimmers experience viscous forces

that overshadow inertial forces.

Bacteria dynamics as the dynamics of all living matter is intrinsically out of thermal

equilibrium. Describing and understanding these systems is an interesting challenge

for theoretical and experimental physics. In particular “run-and-tumble” dynamics,

as described in Sec.1.3, is a nice out-of-equilibrium paradigm. Also the study of

1
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bacterial suspension under an external field such as gravity provide sample of non-

equilibrium steady states. Sec.1.4 introduces a model to describe the effects of an

external field on bacteria suspensions. In Sec.1.5 a sedimentation experiment is re-

ported, where it is shown that active colloids may rightly be considered as “hot”

colloids. Finally, Sec.1.6 illustrates how bacteria in an asymmetric environment such

as a funnels or a ratchet rectify their motion.

1.2 Swimming at low Reynolds number

A swimmer of linear size ` moving with speed v in an (incompressible, linearly

viscous) fluid of density ρ and viscosity η, experiences different forces according to

its dimension. Indeed, defining the Reynolds number Re as the ratio between inertial

and viscous forces [1] and assuming that the typical velocity scales linearly whit the

size (v = `/t0 with t0 independent of `), one has that Re depends on the square of

the swimmer’s size:

Re =
`vρ

η
=
a2ρ

ηt
(1.1)

In water ρ ≈ 103Kg m−3, η ≈ 10−3Pa s−1, for bacteria with speed around 10 −
20 µm s−1, Re ≈ 10−4 − 10−5; for a small fish Re is about 102 and for a man

swimming in water Re ≈ 104 − 105 [1, 17]. Therefore, in the microscopic world of

bacteria, viscous forces dominate over inertial forces and Navier-Stokes equations at

low Reynolds number reduce to the Stokes equations:

−∇p+ η∆u = 0

div u = 0

(1.2)

where p is the pressure and u the velocity of the surrounding fluid. Equations

(1.2) are linear and time-independent, so time is irrelevant and it is crucial for a

swimming microorganism to deform by cyclic non-reciprocal motion. The so-called

scallop theorem [1] clarifies this point: a scallop has only one degree of freedom in

configuration space and can move just doing a reciprocal motion. If the scallop lived
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in the microscopic world of bacteria, it would only be able to wobble back and forth

around its initial position (Fig.1.1).

�!"#$%&'()$*+,"-))))))).)

tim
e

position

�!"#$%&'()$*+,"-)))))))/)

Figure 1.1: Schematic representation of the scallop motion at zero Reynolds number

(left) and in its actual motion conditions (right). Re ' 1 for a scallop of ∼ 2cm.

The green arrows represent the direction of motion.

In fact, microorganisms have developed geometric configurations like flexible oar and

corkscrew to swim at low Reynolds number (Figs. 1.2, 1.3). A negligible Reynolds

number implies also an instantaneous response of the surrounding fluid to the shape

changes. Since inertia force is negligible, force and torque balances take form

Fext(t) + F(t) = 0 (1.3)

Lext(t) + L(t) = 0 (1.4)

where Fext and Lext are the external force and torque due to external fields (such

as gravity), F and L are force and torque exerted on the swimmer by the fluid [17].

The motion of a rigid body in a viscous fluid is parameterized by its centre-of-

mass velocity U and the set of angular velocities Ω. On its surface the velocity is

v = U + Ω× r.
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Figure 1.2: A cartoon of possible geometric configurations for propulsion at low

Reynolds number. Purcell drew these figures for a talk transcribed into his famous

paper ”Life at low Reynolds number” [1].

(a) Chlamydomonas rein-

hardtii

(b) Spirillum volutans

analyzed 167 events in which a cell swam steadily into the field
of view, moving in the plane of focus, tumbled, and then swam
steadily out of the field of view, still moving in the plane of
focus. Such events were relatively rare: of the cells that hap-
pened to swim into the field of view in the plane of focus and
then tumbled, most left by moving out of focus. In other words,
we selected events that could be analyzed in their entirety. The
behavior of these cells is summarized in Table 1. The majority
entered and left the field of view with normal bundles, but
others displayed bundles that were semicoiled, curly 1, or of a
hybrid waveform, i.e., with some filaments normal and others
semicoiled or curly 1. A number of these events are shown in
Fig. 6 to 11.

Figures 6 to 8 show tumbles generated by a single filament in
cells with different numbers of filaments. The cell in Fig. 6 had
only 1 long filament (and 1 short stub, not visible in this
sequence). A transformation from normal to semicoiled is seen
in fields 4 to 10, from semicoiled to curly 1 in fields 12 to 18,
and from curly 1 back to normal in fields 24 to 30. This was a
common sequence. This cell swam into the field of view moving
toward 7 o’clock and left the field of view moving toward 5
o’clock. Most of this change in direction occurred while the
filament was partially in the semicoiled form (fields 4 to 12).
Figure 7 shows a cell with two filaments. One separates from
the other in field 6 and then undergoes a polymorphic trans-
formation from normal to semicoiled in fields 7 to 9 (although
not as clearly as in Fig. 6) and from semicoiled to curly 1 in

fields 10 to 15. Notice that the curly 1 form wraps around the
normal filament as it reverts back to the normal form and the
tumble ends (fields 17 to 20). This cell swam into the field of
view moving toward 5 o’clock and left the field of view moving
toward 6 o’clock. Figure 8 shows a cell with a loose flagellar
bundle (fields 2 to 6) from which a single filament emerges
(fields 8 to 18), probably as curly 1. This filament appears to
have rejoined the bundle by frames 20 to 24, where the bundle
is tight. The change in the direction of motion generated by
this maneuver was relatively small.

Figure 9 shows a tumble in which one filament (the one
pointing towards 1 o’clock in fields 12 to 24) maintains a
constant orientation and waveform, while all of the other fil-
aments undergo polymorphic transformations. Evidently, this
filament did not participate in the tumble. The shapes of the
other filaments are difficult to discern: a semicoiled filament is
prominent in field 18. This cell swam into the field of view
moving toward 8 o’clock and left the field of view moving
toward 5 o’clock.

Figure 10 shows a cell swimming with a curly 1 bundle with
at least one filament of normal waveform (fields 1 to 4). In field
5, a curly filament appears that is wrapped around the bundle.
It then unwraps (fields 6 to 8). More filaments leave the bundle
(fields 11 to 15), with at least two remaining (field 15). Then all
of the filaments rejoin the bundle (fields 16 to 20), which now
appears normal. This cell swam into the field moving toward 10
o’clock and left the field moving toward 11 o’clock.

Figure 11 shows a cell with a normal bundle (field 2) that
tumbles (fields 4 to 34) and then swims off in nearly the same
direction, with its bundle displaying a mixed waveform (fields
36 to 40). In this case, all of the filaments appear to contribute
to the tumble, although normal filaments are seen part of the
time (fields 12 to 26).

The onset of a tumble was evident when the bundle loosened
near the cell body. Soon thereafter, one or more filamentsFIG. 3. Immobilized cell with a rotating filament undergoing polymorphic

transformations. Successive fields are shown at 60 Hz (deinterlaced; total time
span, 0.57 s). Fields 16 to 25 looked like field 26 and have been omitted.

FIG. 4. Swimming cells with different kinds of flagellar bundles. Single fields
are shown (deinterlaced). The waveforms of the flagellar bundles are normal
(A), normal or curly 1 (both loose) (B), curly 1 (tight, but with one of the
filaments on the cell at the right with a normal distal segment) (C), and semi-
coiled (with one filament with a normal distal segment) (D).

2796 TURNER ET AL. J. BACTERIOL.

 on Septem
ber 13, 2012 by guest
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(c) Escherichia coli

Figure 1.3: Different swimming strategies at low Reynolds number: (a) Chlamy-

domonas reinhardtii moves beating its flexible oar (from https://wiki.umn.edu);

(b) Spirillum volutans moves spinning its body and its tails (from

http://www.cram.com/ ); (c) Escherichia coli swims rotating its flagellar

bundle like a corkscrew (image reproduced from [14]).

The linearity of Stokes’ equation leads to a linear relation between (F,T) and (U,Ω):
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(
F

T

)
=

A B

C D

(U

Ω

)
(1.5)

The matrix in Eq.(1.5) is called resistance matrix of the body. The matrix elements

depend on the surrounding fluid viscosity and on the shape and size of the swimmer.

In the absence of hydrodynamic interactions the matrix is symmetric and B = C

[18]. Its elements dimensionally scale as : [A] ∼ ηL, [B] ∼ ηL2, [D] ∼ ηL3, where

L is the typical length scale [17]. The swimmers shows in Figs.1.2, 1.3 can be

modeled as composed by two hydrodynamically independent units linked together.

In a particular case such as Escherichia coli (see Fig.1.3(c)), the two units are the

body and the flagellar bundle [22, 26]. The flagellar bundle is modeled as a rigid

helix rotating around its axis [18]. The resistance matrixes for the body and the

flagella are respectively:

Rb =

Ab 0

0 Cb

 , (1.6)

Rf =

Af Bf

BT
f Cf

 . (1.7)

In the body resistance matrix (1.6) the coupling off-diagonal terms are null because

the body is not self-propelling (see Chapter 2). Using eqs. (1.6), (1.7) and follow-

Figure 1.4: Schematic representation of force and torque acting on E.coli : the whole

bacterium swims with speed U , the cell body rotates with angular velocity Ω, while

the flagellar bundle rotates in the opposite direction with angular velocity ω. Also

forces acting on the body and the flagella (Fb and Ff , respectively) are applied in

opposite directions.
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ing the representation in Fig.(2.2), the total force and torque acting on the whole

bacterium, are:

Ftot = Fb − Ff = (Af −Ab)U +Bfω (1.8)

Ttot = Tb − Tf = −BfU + CbΩ− Cfω (1.9)

1.3 Run-and-tumble as a paradigm of non equilib-

rium dynamics

Run-and-tumble dynamics is characterized by straight swimming lines, named “runs”,

interrupted by sudden random changes of direction, named “tumbles”, occurring

with a rate λ (Fig 1.5). The typical run time τr is about 1s, while the tumble du-

ration τt is about 0.1s. The run speed and tumble rate depend on environmental

conditions and can vary in space. Furthermore, at time and spatial scale larger than

1/λ and v/λ, run-and-tumble dynamics can be considered as a random walk with a

diffusive coefficient v2/λd, where d is the space scale. The run-and-tumble motion in

bacteria, needing a metabolic energy source constitutes an out-of-equilibrium pro-

cess [3]. Hence, run-and-tumble dynamics is far form thermal equilibrium, but still

diffusive at large enough scales. These features make the run-and-tumble motion a

good paradigm for the study of non-equilibrium dynamics.

run	


tumble	


Figure 1.5: Schematic representation of run and tumble motion.
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1.3.1 One-dimensional dynamics

In the one-dimensional case, a run-and-tumble particle can just move straight in one

direction or in the other one. We shall describe it as a particle moving on a line

with speed v (we consider a general case where v = v(x) ) and rate λ/2 of switching

direction (we assume that switching from the left to right and from right to left

are equiprobable). Following Refs.[19, 20] we enforce the conservation of number of

particles moving right or left :

∂tR = −∂x(vR) +
λ

2
(L−R) (1.10)

∂tL = ∂x(vL) +
λ

2
(R− L) (1.11)

where R (L) is the density of right (left) moving particles. The total density of

bacteria is ρ = L + R and the flux of the particles is J = v (R− L) = vσ. Adding

and subtracting Eqs.(1.10) and (1.11) yields:

∂tρ = −∂x(vσ) = −∂xJ (1.12)

∂tσ = −∂x(vρ)− λσ (1.13)

To study the diffusive process the second time derivative of ρ is computed from

Eq.(1.12) and combined with Eq.(1.13) gives:

∂2
t ρ = ∂x[v ∂x(vρ)] + λ∂xJ (1.14)

Consider a system of particles moving over an interval of L. The process becomes

diffusive at t � λL2/v2, after the particles have explored all the interval and the

number of particles rightward-bound and leftward-bound is the same. The flux J is

null and the equilibrium configuration is reached. To study the diffusive behavior

the second time derivative of ρ is to be neglected, which involves a loss of informa-

tion only on the ballistic motion over short time intervals of the order ∆t � 1/λ.

Integrating Eq.(1.14), the flux of particles is:
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J = −v
2

λ
∂xρ−

vρ

λ
∂xv (1.15)

where constant terms are ignored. In Eq.(1.15), the term depending on ∂xρ is the

contribution due to diffusion, while the second term account for the drift velocity

vd = v
λ∂xv. The expression (1.15) of particles flux depends on the properties of

the parameters v and λ. The simple case, with λ and v both constant, gives the

Eq.(1.15) in the Fick’s form:

J = −D∂xρ (1.16)

with a diffusion coefficient D = v2/λ.

From v constant and λ as function of the position D = D(x), the equilibrium solution

is a uniform particle density, ρ = ρ0. In fact, changing the tumbling rate λ only

affects the rate at which equilibrium is reached.

If v and λ both depend on space, but their ratio is constant, Eq.(1.15) becomes:

J = −∂x (Dρ) (1.17)

The equilibrium density is:

ρ = ρ0

(
D0

D

)
= ρ0

(
v2

0λ

v2λ0

)
= ρ0

(
v2

0

v2

)
(1.18)

where ρ0 and D0 are, respectively, the density and diffusion coefficient taken in a

reference place x0 where the speed is v0.

In the case in which λ is constant but v is not, one has:

J = −D∂xρ−
ρ

2
∂xD (1.19)

Then, the solution at equilibrium is given by:

ρ = ρ0

(
D0

D

)1/2

= ρ0

(v0

v

)
(1.20)

The Eqs.(1.18) and (1.20) point out that the equilibrium density of run-and-tumble

particles in one-dimension is inversely proportional to the particles speed but inde-

pendent of the tumbling rate (for a instantaneous tumble). This result implies that

bacteria will accumulate in places where they are slower.
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1.3.2 Three-dimensional dynamics

In 3D, let P (r,v, t) the density of particle at r at time t moving in the direction of

v = vû where v is the speed of particles and û is a unit vector. The direction of

motion can vary in solid angle Ω, verifying Ω =
∫
d û′. Analogously to §1.3.1, the

density ρ and the flux J of particles are:

ρ(r,v, t) :=

∫
P (r, v0û

′, t)d û′

vσ(r, t) ≡ J(r, t) := v0

∫
P (r, v0û

′, t)û′d û′
(1.21)

Hence,

∂tP = −v∂rP − λP +
λ

Ω

∫
P (r, v0û

′, t)d u′

= −v∂rP − λP +
λρ

Ω

(1.22)

The equilibrium solution of Eq.(1.22) is:

ρ = ρ0 (1.23)

P =
ρ0

Ω
(1.24)

the equilibrium density ρ0 is the total number of particles divided by the volume of

space, i.e. ρ0 = N/V . Choosing a particles gradient ∇ρ constant over a time and

space, it is found an other steady-state solution of (1.22):

P =
ρ

Ω
− v∇ρ

λΩ
(1.25)

The particles flux arising from Eq.(1.25) is:

J = − v
2

3λ
∇ρ (1.26)

Therefore, the 3D flux of a system of run-and-tumble particles is still in the form of

Fick’s law with a diffusion coefficient D = v2/3λ.
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1.4 Active matter in an external field

As a preliminary to the study of the action of an external field on bacterial suspen-

sions, it is convenient to describe the simpler action of an external field on passive

colloids.

A colloidal particle, subject to an external force F, moves with mean velocity v = µF

where µ is the mobility. If F is conservative, the equilibrium density distribution is

Boltzmannian:

ρ(r) ∝ exp

[
−U(r)

kBT

]
(1.27)

where U(r) is the potential energy such that F = −∇U and kB is the Boltzmann

constant.

If the external field is constant such as gravity a colloidal suspension, initially uni-

formly distributed, at equilibrium exhibits a non uniform density distribution along

the direction of external field. As Perrin showed in his famous experiment [21], each

particle experiences a force defined by:

Fg = −4

3
πa3 (ρc − ρH2O) g (1.28)

where a is the radius of the spherical particle, the term (ρc − ρH2O) g is the buoyant

force and g is the gravitational acceleration.

Considering U(z) = Fgz the potential energy, the particles density is:

ρ(z) = ρ0 exp

(
− Fgz
kBT

)
= ρ0 exp

(
− z

z0

)
(1.29)

where z0 = kBT/Fg is the sedimentation length. Using the Einstein relation D =

µkBT :

ρ(z) = ρ0 exp

(
−µU(z)

D

)
(1.30)

Since, a bacterial suspension is far from thermal equilibrium, the Einstein relation

is not valid for describing these self-propelled particles. Tailleur and Cates [4] have

presented some analytic results for a model of run-and-tumble bacteria under an

external field. They have derived an expression for the steady state probability
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density P (z) to observe a bacterium at height z. They start by assuming that the

swimmer either moves upwards, c = 1, or downwards, c = −1. The model is defined

by:

P (z)dz =
∑
c=±1

P (c, z)dz (1.31)

P (c, z)dz =
λ

2

∫ ∞
0

P (zi(z, c, τ))dzie
−λτdτ (1.32)

P (c, z) is the probability of finding bacteria at the height z in the state c. Eq.(1.32)

involves the probability of tumbling in the selected time interval, the probability

of finding a bacterium at a height such that it could reach the height z and the

probability that another tumble event occurs in the meanwhile. Eq.(1.32) considers

that a tumble occurs between zi and zi + dzi in a time interval (τ, τ + dτ). The

swimmer experiences a force Fg = −∆mg in position zi = z− (vc− vd)τ where vc is

the velocity of bacteria in c-state and vd = −µFg is the drift speed. The sum (1.32)

over c states gives the expression of P (z)dz.

The expression of P (z) is found in [4] via Fourier transform.

Defining P̃ (ω) =
∫∞
−∞ P (z)exp(−iωz)dz, for 1.31 and 1.32:

P̃ (ω)ω
[
ω(v2 − v2

d)− iλvd
]

= 0 (1.33)

Solving 1.33:

P̃ (ω) = A δ(ω) +B δ

(
ω − iλvd

v2 − v2
d

)
(1.34)

Enforcing a free-flux condition at z = 0 implies A = 0. Anti-transforming:

P (z) = P0e
−kz (1.35)

k =
vdλ

v2 − v2
d

(1.36)

where k is the inverse sedimentation length. Eq.(1.35) shares Perrin’s format (cf.

Eq.1.29) but (1.36) shows the difference respect to a passive colloid.
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The sedimentation length k−1 tends to zero as vd → v for a finite value of Fg, while

in the passive case, a null sedimentation length is reached only in the limit Fg →∞.

If vd � v both bacteria groups, c = 1 and c = −1, experience a net downward

motion and a steady state is reached only when all bacteria lie on the bottom.

More generally, considering now c = cosθ, where θ is the angle between the

propulsion direction and the vertical Eqs.(1.31) and (1.32) become:

P (z)dz = 2π

∫ 1

−1

P (c, z)dzdc (1.37)

P (c, z)dz =
λ

4π

∫ ∞
0

P (zi(z, c, τ))dzie
−λτdτ (1.38)

Using the Fourier transform as before:

P̃ (ω) = P̃ (ω)
λ

ωv

∫ ∞
0

exp

(
−λ+ iωvd

ωv

)
sin(u)

u
du (1.39)

Solving Eq.(1.39) :

P̃ (ω)

[
ωv

λ
− arctan

(
ωv

λ+ iωvd

)]
= 0 (1.40)

As seen before, the constant solution is excluded by the flux-free boundary condition

and P̃ (ω) = δ(ω−ω0) where ω0v/λ = arctan (ω0v/ (λ+ iω0vd)). Anti-transforming,

an expression in Perrin’s form for P (z) is found, but in this case κ = iω0 and has to

fulfill the condition:

ln

(
κ(vd + v) + λ

κ(vd − v) + λ

)
=

2κv

λ
(1.41)

As shown in the previous case κ−1 → 0 as vd → v while for vd � v the gravitational

force effect prevails.

Eq.(1.41) for v � vd can be linearized:

ln

(
κ(vd + v) + λ

κ(vd − v) + λ

)
= ln

(
1− 2κv + κvd

κv − 1

)
=

−2κv + κvd
κv − 1

=
2κv

λ

(1.42)
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Then, from Eq.(1.42) the diffusive behavior is obtained:

κ =
3λ vd
v2

=
vd
D

(1.43)

where D = v2/3λ.

The drift speed induced by the gravitational field on bacteria may be estimated as:

vd = µ∆mg ' 0.08µm/s (1.44)

where g = 9.8 m2/s and, following [22], E.coli mobility µ = 30µm/(s pN) is com-

puted considering the shape of E.coli body as a prolate ellipsoid and the flagellar

bundle as helix. The buoyant cell mass is ∆m = (∆ρV ) where ∆ρ = ρE.coli − ρH2O

is the excess density of cell compared to the density of medium and V in the volume

of cells. The value ρE.coli = 1.160± 0.001 gr/cm3 used is the measured value in [23].

Eq.(1.44) implies that the sedimentation effect for micro object is very small, then

as suggested by the authors of [4] to study bacterial sedimentation, an enhanced

external field, such as the field made by centrifuge, can be used. Following this sug-

gestion, the experiment described in Chapter 3 applies a centrifugal field on bacterial

suspension to observe sedimentation.

1.5 Effective temperature

In the previous section a model for bacterial sedimentation is described. The ex-

pression found for the steady-state probability density, while analogous to Perrin’s

formula contains a sedimentation length that accounts for the fact that bacteria are

active.

The non equilibrium steady state of an active suspension of colloids under grav-

ity field has been recently investigated in [5]. The active particles used are Janus

particles of 1 µm diameter, that are self propelled in a solution of hydrogen perox-

ide, H2O2. The surface of a Janus particle is divided into two different sides. One

half bead is covered with platinum. The dismutation of H2O2 on it provides the

propelling power. (Dismutation is a form of redox reaction in which oxidized and re-

duced forms of a chemical species are produced simultaneously). These particles are,

therefore, an artificial model system displaying the characteristic out-of-equilibrium

dynamics of an active suspension. In this experiment is used a microfluidic device
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! ! 650 !m, height ’80 !m, volume V ’ 30 nL)
molded in agarose gel [19,21], and surrounded by two
side channels separated by 125 !m gel walls. The central
chamber is initially filled with Janus colloids, while H2O2

solution at concentration C0 is continuously circulated in
lateral channels. This gel microsystem ensures a constant
renewal of H2O2 fuel and removal of chemical waste
products (O2) by diffusion through hydrogel walls from
the infinite reservoir and sink constitued by the circulating
lateral channel. Homogeneity of the measurements over
the chamber was checked. Altogether this provides a
convection-free environment in the colloids chamber
with stable chemical conditions over hours, allowing to
study solutions of active colloids (while a similar study
would be precluded in a capillary due to production of
oxygen bubbles).

Colloid microdynamics.—First, the dynamics of individ-
ual active colloids is investigated using high speed tracking
measurements to resolve temporally the different dynami-
cal regimes (see below). For various H2O2 concentrations
C0, the two-dimensional (x, y) motion of colloids is re-
corded with a high speed camera (Phantom V5) at 100 Hz
and trajectories are extracted with a single particle tracking
algorithm (Spot Tracker, Image J) [22]. The mean square
displacement of the colloids is obtained as "L2""t# !
h! ~R"t$ "t# % ~R"t#"2i where ~R"t# is the (2D) instantaneous
colloid position and the average is performed over time for
each individual trajectory and then over an ensemble of
trajectories (typically 20). In Fig. 2 we plot "L2 as a
function of lagtime for bare (nonactive) and active colloids
in a H2O2 solution, confirming the impact of injected
chemical power on the individual motion of the colloids,
in agreement with Ref. [14]. For the bare (nonactive)
colloids, the dynamics is purely diffusive with a diffusion
coefficient "L2=4"t ! D0 ! 0:34& 0:02 !m2=s, which
is found to be reproducible and independent of the H2O2

concentration and slightly lower than the Stokes-Einstein
estimate. The same value and behavior is obtained for

Janus colloids in the absence of the H2O2 fuel. For the
Janus active colloids in a H2O2 solution, the mean square
displacement differs drastically from the equilibrium dif-
fusive dynamics and strongly depends on the fuel concen-
tration. The colloid exhibits ballistic motion at short times,
"L2""t# ' V2"t2, while at longer times a diffusive re-
gime, "L2""t# ' 4Deff"t, is recovered with an effective
diffusion coefficient Deff much larger than the equilibrium
coefficient D0. As discussed in [7,14], the active colloids
are expected to perform a persistent random walk, due to a
competition between ballistic motion under the locomotive
power (with a constant swimming velocity V), and angular
randomization due to thermal rotational Brownian motion.
The transition between the two regimes occurs at the rota-
tional diffusion time "r of the colloids, "r ! 8#$R3=kBT
(R colloid radius). The characteristic ballistic length scale
is accordingly a ! V ( "r. For time scales long compared
to "r, the active colloids therefore perform a random walk
with an effective diffusion Deff ! D0 $ V2"r=6. The full
expression of the mean squared displacement at any time is
obtained as [14]

"L2""t# ! 4D0"t$
V2"2r
3

!
2"t

"r
$ e%2"t="r % 1

"
(1)

(where a prefactor in [14] has been corrected). We fit the
experimental "L2""t# using Eq. (1) with the propulsion
velocity V as a free parameter, while the value of D0 is
taken from the equilibrium diffusion coefficient measured
in water, and with a single the value "r ! 0:9 s, in reason-
able agreement with its Stokes expectation. As shown in
Fig. 2(a), an excellent agreement with the experimental
results is found. More sophisticated descriptions of the
individual dynamics have been proposed, taking, e.g.,

FIG. 2 (color online). (a) Experimental mean squared dis-
placements "L2""t# for bare (blue) and active colloids (red)
in 7.5% H2O2 solution. Inset: zoom on the short-time regime.
Bare colloids (bottom) show standard diffusion ("L2 linear in
time), while the mean squared displacement of active colloids is
fitted according to Eq. (1). The measured diffusion coefficients
are D0 ! 0:34 !m2=s for bare and Deff ! 1:9 !m2=s for active
colloids. (b) PDF of particle displacements along x and y, "X !
X""t# % X"0# (same for Y) for various lag time "t as a function
of the normalized displacements, "X="L""t# (same for Y).
"t ! 0:3s (w), 1s ()), 3s (*) for bare (blue) and active colloids
(red) in a solution of 7.5% of H2O2. The dashed lines is the
Gaussian curve.

FIG. 1 (color online). (a) SEM picture of Janus, platinum-
latex, colloids (scale bar 500 nm). (b) Sketch of the experimental
setup: a circular microfluidic chamber (diameter ! ! 650 !m,
height h' 80 !m) molded in agarose gel (gray areas) contains
the 1 !m Janus colloids. H2O2 feeding is achieved by constant
circulation (40 !L=min flow rate) in side channels (dark blue).
(c) The active colloidal suspension is observed through a piezo-
driven high numerical aperture objective (Nikon, Water immer-
sion 60( , NA ! 1:2) mounted on an inverted microscope.

PRL 105, 088304 (2010) P HY S I CA L R EV I EW LE T T E R S
week ending

20 AUGUST 2010

088304-2

Figure 1.6: Schematic of the microfluidic device used in [5]: on the left there is

a top view of the agarose chamber, in gray, while the channels are draw in dark

blue. H2O2 is pumped into the channels. The agarose chamber contains 1 µm-sized

Janus particles, drawn as red spots. The colloidal suspension is observed with a

piezo-driven high numerical aperture objective mounted on a inverter microscope

(from [5]).

made of agarose gel surrounded by two channels as shown in Fig.1.6. The channels

maintain a constant H2O2 flux and the gel microsystem permits a constant recharge

of H2O2 while removing the chemical waste (O2). Tracking measurements have been

done on both passive colloids and Janus particles with and without H2O2. Without

H2O2 Janus particles display a standard diffusive dynamics, while active Janus par-

ticles presents a significantly different dynamic from diffusive motion. The motion

of this kind of active colloids is described as a persistent random walk, where ballis-

tic motion and angular randomization due to rotational Brownian motion coexist.

The measured mean square displacement of a Janus particle, activated by H2O2, is

described in [5] in terms of an effective diffusion coefficient Deff .

To study sedimentation, Pallacci et al. in [5] have performed a Perrin-like experi-

ment using Janus particles. A single particle tracking and density profile ρ(z), with

different oxygen peroxide concentration, are simultaneously measured. Different

values of H2O2 are considered to measure different particle activity. It was found

that the particle activity can be described by Deff . The density profiles exhibit an

exponential decay:

ρ(z) = ρ0 exp(−z/δeff) (1.45)

where δeff is the effective sedimentation length and ρ0 is a normalization parameter.
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In the case of dilute colloids, the flux under gravitational field can be described as:

J = −Deff∇ρ+ µ m g ρ (1.46)

Eq.(1.46) gives an expression of sedimentation length:

δeff =
Deff

vd
(1.47)

where vd = µ∆mg is the sedimentation velocity. The data shown in [5], agree

with expression (1.47). Moreover, it was pointed out that this equation can also be

interpreted as a measurement of an effective temperature of the system:

kBTeff =
Deff

µ
= δeffmg (1.48)

The effective temperature identified in [5] ranges between ambient temperature and

∼ 103K.

The experimental results reported in [5] validate the description of active colloids as

“hot” colloids, characterized by an effective temperature higher than the tempera-

ture of their environment. The description of stationary density distribution in term

of an effective diffusion coefficient is applied in Chapter 3 to describe the effects of

a centrifugal field on a bacterial suspension.

1.6 Rectification

In recent works [6, 7], it is observed that bacterial motion is rectified by asymmetric

obstacles such as the two devices in Fig 1.7. In a microfluidic chamber divided

in two partitions by a wall with funnel-shaped openings (Fig. 1.7(a)) a bacterial

suspension uniformly distributed at the beginning (see Fig.1.9) after about 1 hour

displays an asymmetric density distribution [6]. Moreover, it has been observed in

[7] that an asymmetric nanofabricated object immersed in a active bacteria bath

rotates spontaneously and unidirectionally (see Figs.1.7(b) and 1.10).

In the wall-of-funnels device, bacteria cross the wall depending on the side in

which they are. As shown in Fig 1.8, bacteria coming from the left side of the



CHAPTER 1. ACTIVE SUSPENSIONS 16

RESULTS AND DISCUSSION

Our swimmers were green fluorescent protein (GFP)-ex-
pressing motile (E. coli) bacteria (strain RP 437/pGFP!2).
They were initially uniformly spread in both compartments
filled with LB medium. Individual bacteria were tracked as
they approached and left the internal walls of the chamber, far
removed from the funnels. Figure 1C shows that for the 70
tracks examined, the impinging distribution (angles "out) was
dramatically different from the distribution of the angles of
incidence ("in). The latter was effectively a uniform random
distribution over the 0°-to-80° range (measured with respect to
the surface normal; we discarded all tracks with "in values of
#80° for reasons of ambiguity). The outgoing angles were
strongly confined to "out values of #80°. This indicates that the
bacteria practically follow walls and lose information about
their initial angle of attack. They keep this direction during an
entire straight run, even if the wall ends. Thus, near the walls,
the motion of bacteria is not a random walk but instead cor-
relates with the constraining geometry. We indeed observed a
concentration of swimming bacteria, as shown in Fig. 2, sup-
porting the mechanism depicted in Fig. 1A. After a uniform
initial distribution (Fig. 2A), the E. coli cells became increas-
ingly concentrated with time on the restricted exit side of the
funnel array (Fig. 2B). In about an hour, there were three
times more cells on the right side than on the left. As a control,
we filled the chip with an aqueous solution of 100-nm-diameter
fluorescent polystyrene beads, which remained uniformly dis-

tributed during a 24-h period, and thus this population imbal-
ance occurs only if the objects actively swim, as opposed to
spreading due to diffusion (data not shown). Since bacteria
communicate with each other (1) and (moreover) move to-
wards one another (9, 10), it is possible that such quorum-
chemotaxis processes could strongly influence the results
shown in Fig. 2. We did control experiments to show that in
this case the concentration was due to swimming motility and
was not a result of bacterial chemotaxis (data not shown). A
motile strain with the chemosensing network knocked out (RP
437 cheAW/pGFPu2) showed the same concentration increase
with time, thus showing that the process is not due to chemo-
taxis. A flat wall with evenly spaced openings but no funnels
showed no development of asymmetry in cell density, demon-
strating the necessity for broken symmetry of the funnel wall
(Fig. 3).

We used the average fluorescence intensity in the two com-
partments as a measure of the cell density. Figure 2C shows
how the density ratio [A(t) $ %R/%L] changes with time (with %R

and %L being the densities on the right and left, respectively).
A simple model (see Appendix) with two differential equa-

tions (equations A1) describing the changes in the density of
cells due to growth and transfer between the compartments
can be used to characterize the kinetics of the system. The two
parameters are the fractions of the populations on the two
sides that cross the funnel wall in unit time (cLR for crossing
left to right and cRL for crossing right to left). The solution of

FIG. 1. Microstructures with funnel walls. (A) Schematic drawing of the interaction of bacteria with the funnel opening. Bacteria on the left
side may (trace 1) or may not (trace 2) get through the gap, depending on the angle of attack. On the right, all bacteria colliding with the wall are
diverted away from the gap (traces 3 and 4). (B) Scanning electron micrograph of the device. (C) Distribution of incoming and outgoing angles
for bacteria colliding with a wall. Data were taken for 70 events.

FIG. 2. Distribution of bacteria in a structure with a funnel wall. (A) Uniform distribution after injection. (B) Steady-state distribution after
80 min. (C) Ratios of densities in the left and right compartments versus time. The blue circles are experimental data, and the dashed red line is
a fit of equation A2 from the Appendix.
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(a) “Wall of funnels”

Low aspect ratio, quasi-planar shapes are easily fabricated from
SU-8 resist by using optical lithography. The gears are then dis-
persed in a bacterial suspension of E. coli cells in a motility buffer.
A drop of the resulting suspension hangs from the concave part of
a glass slide, leaving an air gap between the liquid suspension and
the bottom coverslip (Fig. S1). Gears then sediment on that
liquid–air interface where they are free from strong adhesion
to solid surfaces. Interactions between cells and object bound-
aries are well described by a repulsive contact force directed
along the surface normal. As a consequence, when a swimming
cell hits a wall, it aligns and slides parallel to it in a direction de-
termined by its incoming angle (Fig. 2 A and B and Movie S1).
Cells sliding towards a concave corner get stuck and start pushing
until a tumbling event occurs, reorienting the cell and eventually
setting it free to swim back into the solution. Bacteria that got
stuck at a corner are observed to remain in a “locked” pushing
configuration for a time interval varying from a few seconds up to
a couple of minutes. In a concentrated suspension of bacteria,
wall interactions and intercellular repulsion lead to local packing
and ordering of bacteria at concave corners (Fig. 2C). When the
concentration reaches a value of about 1010 bacteria!mL, the
cooperative action of rectified bacteria results in a total torque
that is large enough to rotate the microgear at an average rotation
frequency of about 1 rpm. Lying on a liquid–air interface, half of
the bulk drag force acting from the bottom surface is negligible so
that the torque exerted on the gear can be estimated assuming a
rotational drag coefficient that is twice that of a disk suspended in
bulk buffer solution:

T ! 16!R3

3
! " 10 pN "m; [1]

where ! is the buffer viscosity and R ! 20 "m is an average gear
radius. We have filmed our rotary motor for 1 min (Fig. 3 and

Movie S2) and extracted angular velocity and rotation angle as
a function of time (Fig. 4) by using a custom-made video tracking
routine. Fig. 4A shows a comparison between the angular motions
of asymmetric (type I) and symmetric type II gears in a bacterial
bath. It is important to note that the presence of a liquid–gas
boundary already breaks "h and hence "h"v symmetry. Although
symmetric gears could then spin, without involving any symmetry
breaking, they are observed only to fluctuate with a negligible
average rotation angle. Fluctuations are better appreciated in
angular velocity plots Fig. 4 B and C. Asymmetric and symmetric
gears display quite large and comparable fluctuations in angular
velocities because of fluctuations in the number and local
arrangement of bacteria on the boundaries. An asymmetric gear
in a bacteria-free buffer fluctuates much less as shown by the gray
line in Fig. 4B. Both mean velocities and fluctuations resemble
very closely the predictions of molecular dynamics simulations
(16). The swimming velocity of a single bacterium provides the
maximum achievable linear rotation of the microgear edge. At
higher rotation rates bacteria would not be able to catch up to
the moving walls. In our case the linear speed of the edge is only
2.5 "m!s whereas bacteria swim at approximately 20 "m!s. This
observation leaves a large margin of improvement on the achiev-
able rotation rates. Asymmetric gears can sediment in two differ-
ent orientations that are observed to spin in opposite directions.
All these observations exclude the possibility that rotation could
be because of circular swimming of bacteria close to interfaces.
Bacterial adhesion to microgears seems to be negligible as can be
observed in Movie S1. The original movie lasts for much longer,
and pushing bacteria are observed to swim away from the boun-
dary even after several minutes of contact. In the course of time,
nutrients decrease whereas the concentration of metabolic by-
products increases. Bacteria will slowly lose their motility and
eventually die. Other phenomena like bacteria clustering or bio-
film formation set a limit to the durability of bacteria-propelled

Type III

Type IVType II

48 µm

48 µm

48 µm

80 µm

Type I

10
 µ

m

A B

Fig. 1. Gear shapes. Optical microscopy images of microfabricated gears suspended in water. A SEM image of type I gear is also shown in B.

9542 # www.pnas.org/cgi/doi/10.1073/pnas.0910426107 Di Leonardo et al.

(b) “Ratchet motors”

Figure 1.7: Microdevices: (a) Scanning electron micrograph of device: for create a

microfluidic enclosures on silicon wafer microlithography is used. (Figure reproduced

from [6]), (b) SEM image of one of the gears used in experiment, the gear external

diameter is 48µm and the thickness is 10µm [7] (Figure reproduced from [7])

funnel can be driven through the holes between funnels or away from it. On the

contrary, bacteria in the right side colliding with the wall are more likely to be strayed

away from the gaps. This experiment shows that bacteria approaching the wall

align their motion and, losing information on their starting direction, keep the new

direction for the entire run also if the wall ends (see Fig.1.8). Near the wall, bacterial

moves are biased by the constrained geometry and the run-and-tumble motion gets

rectified. The mechanism due to the funnel geometry previously described leads to

a concentration of swimming bacteria on the right side of the chamber, as shown

in Fig.1.9. In [6], it was observed that the concentration of bacteria on the right

side becomes three times larger than that on the left side in about one hour. In [7]

differently shaped micro-gears are placed in a bacterial suspension and, depending

on the gear geometry, a spontaneous unidirectionally rotation may be observed. To

obtain this results, Di Leonardo et al. in [7] have designed an experiment where

three important symmetries are broken: time reversal, mirror reflection in a plane

through the axis of rotation and half turn about the axis. Bacterial motion, typically

out of equilibrium, breaks time reversal. Different shapes of gears are tested in [7] to

violate the other two symmetries. As described before, a bacterium, after hits the

wall, aligns parallel to the surface of the gear following a direction depending on its
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Figure 1.8: Bacteria interactions with funnel walls: coming from the left side bacteria

have a chance to go in right side depending on approaching angle, whereas bacteria

coming from the right side are more likely to collide with the wall without crossing

the gap.

incoming angle. Thus, a bacterium can be locked for a period of time between few

seconds and several minutes, during which it pushes the gear, until a tumbling event

occurs. In concentrated suspensions, in addition to wall interactions, the repulsion

between cells causes a concentration in the corners that results in unidirectional

gear rotation. In [7] are explored different shapes and are measured different angular

velocities. As expected, symmetric gears just fluctuate with null mean angular speed,

and a gear with an opposite orientation gives an opposite rotational direction. The

angular velocity of asymmetric gears correlates with bacteria concentration: a larger

concentration produces larger average angular speed, but also speed fluctuations

become larger.

The above experiments are related to the non-equilibrium feature of active bacteria

suspension. It is observed that asymmetric environments are able to lead, without

application of external control fields, an out of equilibrium dynamics in a rectified

motion. Moreover, the use of asymmetric environments open fascinating perspectives

for building microdevices where bacteria could move micro gears or deliver micro
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RESULTS AND DISCUSSION

Our swimmers were green fluorescent protein (GFP)-ex-
pressing motile (E. coli) bacteria (strain RP 437/pGFP!2).
They were initially uniformly spread in both compartments
filled with LB medium. Individual bacteria were tracked as
they approached and left the internal walls of the chamber, far
removed from the funnels. Figure 1C shows that for the 70
tracks examined, the impinging distribution (angles "out) was
dramatically different from the distribution of the angles of
incidence ("in). The latter was effectively a uniform random
distribution over the 0°-to-80° range (measured with respect to
the surface normal; we discarded all tracks with "in values of
#80° for reasons of ambiguity). The outgoing angles were
strongly confined to "out values of #80°. This indicates that the
bacteria practically follow walls and lose information about
their initial angle of attack. They keep this direction during an
entire straight run, even if the wall ends. Thus, near the walls,
the motion of bacteria is not a random walk but instead cor-
relates with the constraining geometry. We indeed observed a
concentration of swimming bacteria, as shown in Fig. 2, sup-
porting the mechanism depicted in Fig. 1A. After a uniform
initial distribution (Fig. 2A), the E. coli cells became increas-
ingly concentrated with time on the restricted exit side of the
funnel array (Fig. 2B). In about an hour, there were three
times more cells on the right side than on the left. As a control,
we filled the chip with an aqueous solution of 100-nm-diameter
fluorescent polystyrene beads, which remained uniformly dis-

tributed during a 24-h period, and thus this population imbal-
ance occurs only if the objects actively swim, as opposed to
spreading due to diffusion (data not shown). Since bacteria
communicate with each other (1) and (moreover) move to-
wards one another (9, 10), it is possible that such quorum-
chemotaxis processes could strongly influence the results
shown in Fig. 2. We did control experiments to show that in
this case the concentration was due to swimming motility and
was not a result of bacterial chemotaxis (data not shown). A
motile strain with the chemosensing network knocked out (RP
437 cheAW/pGFPu2) showed the same concentration increase
with time, thus showing that the process is not due to chemo-
taxis. A flat wall with evenly spaced openings but no funnels
showed no development of asymmetry in cell density, demon-
strating the necessity for broken symmetry of the funnel wall
(Fig. 3).

We used the average fluorescence intensity in the two com-
partments as a measure of the cell density. Figure 2C shows
how the density ratio [A(t) $ %R/%L] changes with time (with %R

and %L being the densities on the right and left, respectively).
A simple model (see Appendix) with two differential equa-

tions (equations A1) describing the changes in the density of
cells due to growth and transfer between the compartments
can be used to characterize the kinetics of the system. The two
parameters are the fractions of the populations on the two
sides that cross the funnel wall in unit time (cLR for crossing
left to right and cRL for crossing right to left). The solution of

FIG. 1. Microstructures with funnel walls. (A) Schematic drawing of the interaction of bacteria with the funnel opening. Bacteria on the left
side may (trace 1) or may not (trace 2) get through the gap, depending on the angle of attack. On the right, all bacteria colliding with the wall are
diverted away from the gap (traces 3 and 4). (B) Scanning electron micrograph of the device. (C) Distribution of incoming and outgoing angles
for bacteria colliding with a wall. Data were taken for 70 events.

FIG. 2. Distribution of bacteria in a structure with a funnel wall. (A) Uniform distribution after injection. (B) Steady-state distribution after
80 min. (C) Ratios of densities in the left and right compartments versus time. The blue circles are experimental data, and the dashed red line is
a fit of equation A2 from the Appendix.
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RESULTS AND DISCUSSION
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was not a result of bacterial chemotaxis (data not shown). A
motile strain with the chemosensing network knocked out (RP
437 cheAW/pGFPu2) showed the same concentration increase
with time, thus showing that the process is not due to chemo-
taxis. A flat wall with evenly spaced openings but no funnels
showed no development of asymmetry in cell density, demon-
strating the necessity for broken symmetry of the funnel wall
(Fig. 3).

We used the average fluorescence intensity in the two com-
partments as a measure of the cell density. Figure 2C shows
how the density ratio [A(t) $ %R/%L] changes with time (with %R

and %L being the densities on the right and left, respectively).
A simple model (see Appendix) with two differential equa-

tions (equations A1) describing the changes in the density of
cells due to growth and transfer between the compartments
can be used to characterize the kinetics of the system. The two
parameters are the fractions of the populations on the two
sides that cross the funnel wall in unit time (cLR for crossing
left to right and cRL for crossing right to left). The solution of

FIG. 1. Microstructures with funnel walls. (A) Schematic drawing of the interaction of bacteria with the funnel opening. Bacteria on the left
side may (trace 1) or may not (trace 2) get through the gap, depending on the angle of attack. On the right, all bacteria colliding with the wall are
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80 min. (C) Ratios of densities in the left and right compartments versus time. The blue circles are experimental data, and the dashed red line is
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Figure 1.9: Bacteria distribution in the device with funnel walls: (top) schematic

representation of the experiment [6]; (bottom) experimental images (from [6]). Bac-

teria at the beginning are homogeneous distributed in the chamber (bottom left).

Bacteria have reached an asymmetric steady state after about one hour (bottom

right).
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devices. Although one could think of strategies to delay such
processes, a finite lifetime is the price we always have to pay
when aiming at a self-contained micromotor that does not rely
on external power sources.

Gears of different geometry were also produced in order to
investigate the role of shape. In particular, we tested another
asymmetric gear having the same size of 48 !m but a larger num-
ber of teeth (type III in Fig. 1). We report in Fig. 4 the cumulative
angle of one of the fastest spinning gears of this second geometry.
Although large variations in angular speed may occur even within
the same geometry and in the same bath, the better spinning

type III gears rotate at about the same angular speed of type
I. Large variations in rotational speed also make it hard to extract
a quantitative concentration dependence. However, when going
to densely packed suspensions (about 1011 bacteria!mL), bacter-
ia start to display large scale collective motions that enhance the
rotational frequency of suspended gears. In particular, type I
gears, in a 7 ! 1010 bacteria!mL suspension, are observed to spin
at 2 rpm, which is twice the speed observed in the lower concen-
tration bath (Fig. 5A). Such a high concentration regime is also
characterized by strong fluctuations in angular speed (or, equiva-
lently, applied torque) that decay exponentially with a time con-

A

B

C

Fig. 2. Rectifying bacterial motions with asymmetric boundaries. (A) A pictorial representation of the mechanism through which the asymmetric shape of the
inclined teeth induces spontaneous alignment and locking of self-propelled bacteria in the concave corners. Bacteria are drawn with a white head pointing in
the direction of self-propulsion. Black arrows represent the forces exerted by bacteria on the walls. Equal and opposite reaction forces reorient the cell body
along the wall. (B) Two E. coli cells interacting with gear boundaries. The cell pointed out by the white arrow aligns parallel to the wall and slides towards the
corner where it gets stuck, contributing a torque. The other one, pointed out by the black arrow, aligns along the wall and slides back into the bulk solution.
See also Movie S1. (C) Four bacterial cells spontaneously align and cooperatively push in the same direction against the wall.

0 s 60 s40 s20 s

Fig. 3. Bacterial driven micromotor. A nanofabricated asymmetric gear (48-!m external diameter, 10-!m thickness) rotates clockwise at 1 rpmwhen immersed
in an active bath of motile E. coli cells, visible in the background. The gear is sedimented at a liquid–air interface to reduce friction. The yellow circle points to a
black spot on the gear that can be used for visual angle tracking.

Di Leonardo et al. PNAS " May 25, 2010 " vol. 107 " no. 21 " 9543
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(a) Bacteria-driven micromotor

(b) Bacteria interacting with asymmetric boundaries

Figure 1.10: Bacteria ratchet motor: (a) An asymmetric gear in an active bacterial

suspension rotates unidirectionally. The angular speed of gear can be measured

following the yellow point (from [7]). (b) Schematic of the interaction between

bacteria and asymmetric boundaries. Asymmetric teeth rectify bacteria motion.

Depending on the incoming angle, bacteria may be trapped in the groove between

teeth. Red arrows represent the force applied by bacteria on the wall.
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cargos. In Chapter 4, an asymmetric landscape will be used to rectify bacterial

motion in order to drive passive colloidal beads.



Chapter 2

Swimming bacteria:

Escherichia coli

2.1 Introduction

Escherichia coli is one of the most studied bacteria. Discovered in 1885 by the Ger-

man pediatrician Theodor Escherich, it is easily accessible and suitable to be grown

in laboratory. This bacterium usually lives in the lower intestine of warmblooded

animals, humans included. The E.coli reproduces itself by fission, i.e., subdivision of

a cell into two or more parts with the same genetic inheritance. It has a huge num-

ber of strains, most of which are not pathogenic. In particular, the strains derived

from the E.coli K-12 is widely used for microbiology studies, being well adapted to

laboratory environment and having lost its ability to thrive in the human intestine.

One of these strains, namely MG1655, was the first E.coli whose DNA sequence was

completely decoded in 1997 [24].

In the following sections, we describe the E.coli cell, its swimming strategies and we

model the forces acting during its motion (Sec.2.2). To perform experiments using

bacteria samples, it is important to develop and optimize a correct growth protocol,

in order to achieve highly motile E.coli samples. Such a protocol is discussed in

Sec.2.3. Also the methods used to characterize bacteria samples are important, in

order to select cells with well defined and reproducible features. In the last section

21
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we will describe Image Correlation Spectroscopy (ICS), a convenient method for a

quick and complete characterization of motility of active samples.

Figure 2.1: Electron micrograph image of E. coli K-12 by Demphilis and Adler (as

reproduced in [25])

2.2 The E. coli

Escherichia coli is a rod-shaped bacterium of about 1 × 2.5 µm that swims using a

bundle of helical filaments, called flagella [2](Fig. 2.1). Each flagellum about 20 nm

in diameter and several micrometers long is driven by a reversible rotary motor actu-

ated by a proton flux. When all flagella rotate in the same direction, the bacterium

is pushed forward. Otherwise, when different flagella rotate in different directions,

E.coli tumbles randomizing its orientation. Therefore, E.coli swims following the

same direction for about 1 s (run); then, it moves randomly for about 0.1 s, changing

its direction(tumble).

2a

2b

L

λ

d

Figure 2.2: A schematic representation of E.coli. The body is described as a prolate

ellipsoid with a ' 1µm and b ' 0.5µm. The flagellar bundle is represented as a

helix, whose pitch λ ∼ 2.5µm and diameter d ∼ 0.5µm, L ∼ 6− 10µm.
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Flagella are made of the protein flagellin. They exist in several polymorphic forms

with different curvatures depending on the arrangement of flagellin filaments (see

Fig. 2.3). The filament changes its polymorphic form during the tumble [14]. A

normal filament is left-handed, with a pitch of about 2.5 µm and a diameter of about

0.5 µm, its curly filaments are right-handed and have a smaller pitch and diameter.

Flagella are in the normal filament form and rotate counterclockwise during a run.

When a tumble starts, flagella turn clockwise and the bundle unravels. During this

process, the filaments switch from semicoiled to curly form, and come back to normal

configuration at the end of the tumbling (Fig. 2.4).

Polymorphic transformations also have been observed with
isolated flagellar filaments attached rigidly at one end to glass
and exposed to the flow of a viscous medium (13). The torque
generated by the flow tends to unwind the filament, driving
normal to semicoiled or curly transformations. This change in
handedness relieves the torsional stress, so that the base of the
filament returns to normal. Thus, the transformations are driv-
en cyclically.

A serious difficulty with dark-field microscopy, observed with
intact cells but not isolated filaments, is flare from the cell
body, which obscures the view over distances of several mi-
crometers. This difficulty was overcome by the use of video-
enhanced differential-interference-contrast (DIC) microscopy,
with a short-arc mercury lamp coupled to the microscope
through a fiber-optic scrambler (6). This technique allows one
to see filaments all the way to the cell body, except in the
direction of shear of the Nomarski prism, where a shadow
obscures the view over distances on the order of 1 !m. This
method was used to demonstrate torsionally induced transfor-
mations from normal to straight or from curly to straight that
occur in certain mutants defective in the protein to which the
filament is attached at its base (10). However, a serious draw-
back with DIC microscopy is its shallow depth of field, which
requires that filaments be observed close to a glass surface.
Both dark-field microscopy and DIC microscopy are techni-
cally demanding, particularly if one wants to visualize individ-
ual filaments.

To our delight, we found that flagellar filaments can be
readily stained with amino-specific Alexa Fluor dyes, available
from Molecular Probes (Eugene, Oreg.). With E. coli and S.
enterica serovar Typhimurium, the filaments are remarkably
bright and resist bleaching, while the cell bodies are relatively
dim. This enabled us to visualize flagella, even when they cross
over the cell body. We could record the motion of individual
filaments at video rates with an inexpensive charge-coupled
device (CCD) camera mounted on an ordinary fluorescence
microscope, using a continuous arc source or strobed laser
illumination. Although the recorded images are less sharp and
vivid than those seen directly by eye, they reveal the time
course of events in great detail. We found that cells can alter

course (tumble, as defined by tracking experiments [4]) by
changing the direction of rotation of as few as one flagellar
filament. Alterations in course tend to occur during transfor-
mations to the semicoiled form, before a new bundle is con-
solidated. Waveforms observed with individual filaments or
stable bundles include normal, semicoiled, and curly 1. If a
filament is pinned to a glass surface, one also sees curly 2.
When cells are exposed to bright light, they eventually stop
moving (21). This makes it easy to count the number of flagella
on individual cells.

MATERIALS AND METHODS

Labeling cells. E. coli strain AW405 (2) was streaked on 1.5% agar (Difco,
Detroit, Mich.) containing T-broth (1% Tryptone [Difco], 0.5% NaCl) and
grown at 35°C. A single-colony isolate was used to inoculate 10 ml of T-broth in
a 125-ml flask, and the culture was grown to saturation on a rotary shaker (200
rpm) at 33°C. An aliquot was diluted 1:100 into another 10 ml of T-broth and
grown 4.5 h to mid-exponential phase. The motility of the culture was checked by
eye with a phase-contrast microscope. The bacteria were washed three times at
room temperature by centrifugation (2,000 " g, 10 min) and gentle resuspension
in 10 ml of buffer (0.01 M KPO4, 0.067 M NaCl, 10#4 M EDTA [pH 7.0]). The
final suspension (0.5 ml) concentrated the bacteria 20-fold.

Alexa Fluor (488, 532, 546, or 594) carboxylic acid succinimidyl ester from
Molecular Probes Protein Modification kits (one vial contained about 0.4 mg
from kit A-10236, A-10235, A-10237, or A-10239) or 0.25 mg of Oregon Green
514 carboxylic acid succinimidyl ester (O-6139) was dissolved in 100 !l of buffer
and added to the final suspension of bacteria. Sodium bicarbonate (25 !l [1 M])
was added to shift the pH to about 7.8. The suspension was stirred gently (by
gyration at 100 rpm) for 1 h in the dark at room temperature. Bacteria were
washed free of dye by centrifugation and resuspension, as described above, in
buffer containing Brij 35 (10#4%; Sigma, St. Louis, Mo.). This detergent was
added to prevent the labeled cells from sticking to the walls of the Corex glass
centrifuge tube. The final resuspension (2 ml) diluted the bacteria fourfold. S.
enterica serovar Typhimurium and a motile Streptococcus strain also were labeled
by this procedure. Labeling of S. enterica serovar Typhimurium worked well, but
with Streptococcus, motility was lost.

Preparation of slides. The suspension of labeled bacteria was diluted between
25- and 50-fold in buffer containing 10#4% Brij 35 and 0.1 M glucose (Sigma).
Microscope slides and coverslips were used out of the box. About 50 !l was
sealed between the coverslip and slide within a thin ring of Apeizon M grease
(Fisher Scientific, Pittsburgh, Pa.). The coverslip was seated carefully to elimi-
nate air bubbles and then squeezed to form a layer about 50 !m thick. Samples
were used immediately and for a period up to about 1 h. Through respiration,
oxygen is used up. This reduces phototoxic effects, and glucose supports motility
anaerobically (1).

Acquiring images. Cells were observed at room temperature with a Nikon
Diaphot 200 epifluorescence microscope equipped with a shuttered black-and-
white CCD camera (0.09-lux sensitivity; V1070; Marshall Electronics, Culver
City, Calif.) with Gamma 0.45 and gain maximum. Images were acquired by using
a "60 objective (Nikon PlanApo 60/1.4 oil DM) and a "5 camera relay lens.
Cells were illuminated either with a 100-W mercury arc with cube sets (Chroma
Technology, Brattleboro, Vt.) 31007 fluorescein isothiocyanate (for Alexa Fluor
488 and Oregon Green 514), 31003 phycoerythrin R and B (for Alexa Fluor 546),
or 31004 Texas Red (for Alexa Fluor 594) or with a 514-nm-wavelength argon-
ion laser (Stabilite 2017; Spectra-Physics, Mountain View, Calif.) with cube sets
C7408 (for Alexa Fluor 532: excitation filter, D514/"10; dichroic mirror, 527
DCLP; emission filter, E535LP). When the mercury arc was used, the camera
was run with the shutter off, i.e., with an exposure time of 17 ms. The laser source
was in the standard epifluorescence configuration (with parallel rays at the object
plane), except that only the field of view of the video camera was illuminated (a
circle about 60 !m in diameter). Laser power at the back focal plane of the
objective was 100 to 300 mW. The laser was strobed at 60 Hz with an exposure
time of 0.2 ms. This was done by inserting a slotted wheel in the laser beam and
driving the wheel with a synchronous motor phase locked to the video vertical
sync pulse. The shutter speed of the camera was set at 1/500 s, and the laser pulse
was centered on this 2-ms window. For convenience, brightness and contrast
were adjusted with an image processor (C-5510; Hamamatsu, Bridgewater, N.J.).
Images of cells were captured at video rates (60 fields per s) in real time directly
from the image processor by a G3 Power Macintosh (Apple Computer, Cuper-
tino, Calif.) equipped with an LG-3 video capture board using Scion Image (v.
1.62c; Scion, Frederick, Md.).

Analyzing images. All measurements were made on a 17-in. Apple Studio
Display monitor using Scion Image, with distances calibrated with an objective
micrometer. Filaments were counted on cells stuck by their bodies to the cov-
erslip and de-energized by exposure to light or by addition of the uncoupler
FCCP [carbonyl cyanide p-(trifluoromethoxy)phenylhydrazone] (10#4 M; Du-
Pont deNemurs, Wilmington, Del.). Sticking was promoted by omitting the
detergent from the final cell suspension. The filaments continued to display
Brownian motion; their images were averaged for 1 s. Measurements of diam-

FIG. 1. Drawing of four different flagellar waveforms, each with a contour
length of 4 !m. A filament of this length contains about 8,000 molecules of
flagellin (12). The normal filament is left-handed, and the semicoiled, curly 1,
and curly 2 filaments are right-handed. The normal and curly 1 filaments have the
same overall length. Bar, 1 !m. Adapted from Calladine (7).
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Figure 2.3: Different flagella waveforms. Normal filaments are left handed. On the

contrary, semi-coiled, curly1 and curly2 are right handed (Figure reproduced form

[14]).
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the 5 o’clock position and left the field of view moving toward the
6 o’clock position.

The sequence of normal, semicoiled, curly 1, and then back to
normal is observed most frequently, as summarized in Fig. 5.6.The
change in direction of the cell body generally occurs early on,
while the filament is partially in the semicoiled form.This explains
why the time required for the cell to change direction, indicated
in Fig. 4.3 by the horizontal bars, is substantially shorter than the
time required for the cell to get back up to speed, indicated by the
corresponding speed trace. The cell in Fig. 5.6 starts out along its
new path being pushed by a curly 1 filament spinning CW and a

Tumbling 45

Figure 5.6. A schematic drawing of the events that usually occur during
a tumble. A cell with a bundle of two flagellar filaments is shown swim-
ming from left to right. The cell alters course as the motor driving one
filament changes its direction of rotation and the filament undergoes a
normal to semicoiled transformation. This change in course defines the
tumble interval, which, according to both the tracking and video data,
takes 0.14 second, on average. As the cell begins to move along its new
track, the filament undergoes a semicoiled to curly 1 transformation.
Both the normal and curly 1 filaments generate forward thrust, but the
curly one at a smaller magnitude. Finally, after the direction of flagellar
rotation changes again, the filament reverts to normal. As it does so, it
rejoins the bundle, and the cell resumes its initial speed. The time from
the initial disruption of the bundle to its reconsolidation is defined as the
reconsolidation interval. According to the video data, this takes 0.43
second, on average.

(a) E.coli run-and-tumble motion

direction was well defined) was 0.14 ! 0.19 s, in agreement
with the value found here. It was noted in the tracking exper-
iments (Fig. 2 of reference 4) that changes in course often were
complete well before cells swam as fast as they did before the tumble. The time from the initial decrement in speed to 75%

recovery for the events displayed in that figure was 0.26 !
0.10 s, compared with 0.02 ! 0.04 s for the tumbles flagged by
the tracker. (For this cell, all tumbles were relatively short.)
Evidently, the initial run speed is not attained until the bundle
is consolidated.

The change in direction from run to run for the events of
Table 1 was 58 ! 40°. These changes are plotted in Fig. 12 as
a function of total number of filaments (two to five for panels
A to D, respectively) and of the fraction of filaments out of the
bundle. These data are summarized in polar plots (Fig. 13).
Large changes in direction tended to occur when all of the
filaments were involved in the tumble. When smaller numbers
were involved, the distributions peaked more in the forward
direction, and many of the events were below the threshold
used to identify tumbles in the tracking experiments (35°).
When the number of filaments on a cell was large, e.g., five
(Fig. 12D), tumbles generated by small numbers of filaments
were rare.

DISCUSSION
Labeling. Succinimidyl esters of Alexa Fluor dyes appear to

be ideal for labeling flagella of gram-negative bacteria, because
they are (i) amino specific, (ii) relatively large and water sol-
uble, (iii) highly fluorescent, and (iv) resistant to bleaching.
Evidently the density of accessible amino groups on the outer
surface of filaments is relatively large, while that on the outer
surface of the cell body is relatively small. As a result, the
filaments can be seen along their entire lengths. The N termi-
nus of FliC (flagellin) is required for export, and both the N
and C termini are required for filament assembly. The central
region, comprising domains at the surface of the filament,

FIG. 8. E. coli cell with several flagellar filaments, one undergoing a poly-
morphic transformation. Every other field is shown.

FIG. 9. E. coli cell with several flagellar filaments, all but one undergoing
polymorphic transformations. Every other field is shown.

FIG. 10. E. coli cell with a bundle with a mixed waveform (curly 1 and
normal) that becomes all normal, with some of the filaments leaving and then
rejoining the bundle. Successive fields are shown.
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(b) Flagella configurational forms

Figure 2.4: E.coli run-and-tumble motion: (a)A E.coli runs straight until a flagellum

starts to rotate differently from others, changing its form normal to semicoiled and

from semicoiled to curly1. At the beginning of a new run flagella come back to

their normal form (Figure reproduced from [2]); (b) Frames of fluorescent E.coli at

progressive time in which filaments take different polymorphic configurations. In

this sequence the cell tumbles, changing its original orientation (Figure reproduced

from [14]).
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2.3 The E.coli growth protocol

The procedure for growing E.coli bacteria is easy enough to make this bacteria one

of the most studied in microbiology. The bacteria colonies growth procedure divides

essentially into two steps:

1. Overnight static growth in a liquid growth medium at 33◦C;

2. “Synchronization” growth phase in fresh medium, mildly shaken at 200 rpm,

for about 4 hours at 33◦C.

In the first step a single bacterial colony is taken from a Petri dish and is inoculated

in a liquid growth medium. Two typical Petri dishes are shown in Fig.2.5.

After the overnight growth, the culture medium is saturated: the nutrients are

almost exhausted and the cells are in different growth stages. Then, the saturated

culture is diluted 1 : 100 in a fresh medium. In the second step, mildly shaking

produces a uniform distribution of nutrients which leads to the synchronization of

cells growth [27]. After the growth process is over, bacterial cells are harvested from

the medium by centrifugation at 2000 rpm for 10 min at room temperature. The

resulting pellet is gently resuspended by mixing it in a pre-warmed motility buffer

[10]. This process is repeated three times, in order to replace the growth medium

with a motility buffer and halt bacterial growth. Many physical and chemical fac-

tors should be considered to optimize E.coli growth. Adler and Templeton studied

extensively the effect of environmental conditions on the motility of E.coli [10]. The

most used growth and motility medium are chosen according to their results. The

best growth media is a mixture of 20 aminoacids commonly found in proteins, such

as those included in tryptone. E.coli can grow at a temperature between 24◦C and

37◦C, temperatures above 37◦C should be avoided to have proper flagellar synthe-

sis. The proper pH range is between 6.0 and 8.0. To preserve bacteria motility,

it is important to replace the growth medium with an appropriate buffer. Adler

and Templeton found that glucose is a proper energy source. However, it needs a

chelating chemical agent such as EDTA, to prevent the reduction in motility due to

traces of heavy metal ion in water solution. A motility buffer consist of phosphate

buffer (pH 7, 10−2 M), glucose 10−2 M and EDTA 10−4 M preserve a good motility

in an E.coli sample. Phosphate buffer is used to maintain an optimum pH value,



CHAPTER 2. ESCHERICHIA COLI 26

(a) Petri dish of E.coli MG 1655

(b) Petri dish of E.coli MG 1655 DsRed

Figure 2.5: E.coli colonies grown on Petri dish. (a) E.coli MG1655 colonies, (b)

E.coli colonies labelled with fluorescent red protein (DsRed). Single colonies are the

white and pink spots on Petri, respectively. The Petri dish contains a mixture of

1% trypton and 1.5% of Agar.
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between 6 and 7.5. It can be replaced with other similar buffers with the same pH

value. A pH value of 3 − 4 must be avoided, otherwise flagella break. E.coli are

able to grow both in aerobic and anaerobic conditions. Tryptone broth and glucose

motility buffer also allow anaerobic motion. However, their speed is smaller than in

aerobic conditions.

2.3.1 The growth curve

To follow the E.coli growth in time it is useful to harvest motile and active cells from

the culture. The generation time of a bacterial population is obtained measuring

the Optical Density (OD) i.e., the logarithm of the ratio between the intensity of

the incident radiation and of the transmitted radiation through a material, which is

proportional to the density of scatterers. The growth curve obtained measuring the

increase of E.coli density in time, may be sub-divided into four different phases (Fig.

2.6). During the Lag phase, immediately after the inoculation of bacterial cells into

C
el

l d
en

si
ty

time

!"#$%&"'(

!)
#$*

&"
'(

+,"-)."/0$*&"'( 1(",&$*&"'(

Figure 2.6: A schematic growth curve highlighting the four growth phases.

a fresh medium, the number of cells does not change. The duration of this phase

corresponds to the time necessary for bacteria to adapt to growth condition.

In Logarithmic or Exponential phase, bacteria grow normally going through a binary

division: each cell divides into two daughter cells with the same genetic stock. In

this phase, the number of E.coli cells increases as n02t/τ where τ is the generation

time and n0 is the starting number of bacteria; if the nutrient were unlimited this

kind of growth would last forever.
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In a finite volume of growth medium, the nutrient decreases as the number of bacteria

increases, and the culture reaches the Stationary phase in which growth and death

rates are equal. In the Death phase, nutrients are exhausted and bacteria die. An OD

measurement in enable to detect this phase, since absorbance does not discriminate

between live and dead cells.

In a quantitative description of the entire growth procedure, it is important to

consider the starting number of bacteria in the culture, n0, and the number of

bacteria in the saturation phase, ns.

When growth begins, dN(t)
dt = rN(t) where r is the growth rate.

For t→∞ : N(t)→ ns. According to these observations:

dN(t)

dt
= rN(t)

(
1− N(t)

ns

)
(2.1)

Integrating Eq.2.1 yields:

N(t) =
n0ns

n0 + (ns − n0) et/τ
(2.2)

Equation (2.2) is the logistic equation describing the population growth, originally

derived by Verhulst. The E.coli growth rate is ln 2
τ , therefore Eq.(2.2) may be rewrit-

ten in the form:

n(t) =
n0ns

n0 + (ns − n0) 2t/τ
(2.3)
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Figure 2.7: The growth curve of E.coli as obtained from the logistic equation (2.3)
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2.4 Motility characterization

In biology, motility is defined as the ability to move spontaneously and actively,

consuming energy during the process. At the cell level, there are different types

of motility such as flagellar motility [28], amoeboid motion [29] and swarming [30].

Motility characteristics can be modulated in response to environmental conditions

[10]. In particular, flagellar motility plays an important role in the motion of prokary-

otic and eukaryotic organisms [31]. Developing a method to characterize bacteria

samples is necessary to quantify sample features such as cells speed and the fraction

of motile cells. In his pioneering work, Adler, see Sec.2.3, used a method based on

capillary tubes to select the best growth and motility media [32]. This method mea-

sures the distribution of the displacement of bacteria colonies in time in capillary

tubes filled with a motility medium. It estimates empirically the motility of bacterial

colonies in certain motility medium, but does not give a measure of bacteria speed.

Moreover, this procedure takes several hours.

2.4.1 Tracking

A more detailed method is based on tracking individual trajectories. In principle,

this method can be used for a ensemble of N particles, each with a trajectory si(t)

where 0 ≤ i ≤ N , computes the particle velocity as:

vi(t) '
si(t+ δt)− si(t)

δt
(2.4)

where the time step δt between two consecutive particle positions is chosen according

to the temporal scale of motion. Berg and collaborators have made a microscope

to track a single bacteria in 3D [2, 33]. This microscope allows the 3D tracking

using a servo-control system keeping a single cell in focus [34]. Using this method,

Berg measured the E.coli trajectories along x, y and z axis, as shown in Fig.2.8.

This tracking measurements have permitted to quantify the run-and-tumble motion

of E.coli [33]. A 2D tracking method requires a simpler equipment than the 3D

tracking and can be used to characterize the motility of samples confined in a thin

layer, such as a thin bacteria suspension. Instead, collecting a sequence of images

with a ccd camera, it is possible to follow the bacteria trajectories. The tracking

process depends on particle visibility in the microscope and requires a low density



CHAPTER 2. ESCHERICHIA COLI 30

© 1972 Nature Publishing Group

Figure 2.8: Planar projections of the E.coli wild type of 3D trajectories acquired

with a Berg microscope (figure reproduced from [33]).

sample to follow precisely individual particles. Therefore, tracking is restricted to

low density samples. Moreover, it may needs that image contrast to be improved,

particularly for bacterial samples.

50 μm	


Figure 2.9: An example of tracked swimming E.coli cells. Traces are obtained by

superposing of frames that have been colored progressively from red to blue as time

increases.
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2.4.2 Differential Dynamic Microscopy (DDM) and Image

Correlation Spectroscopy (ICS)

Recently two methods, namely Differential Dynamic microscopy (DDM)[35] and

Image Correlation Spectroscopy (ICS)[36], have been proposed to characterize the

motility of microorganisms. DDM and ICS methods provide statistics larger than

the tracking method, averaging over thousand of particles in a few minutes and

performing a Fourier analysis of collected digital images [11, 37]. Both methods

compute the same quantity accessible to Dynamic Light Scattering (DLS) [38] i.e.

the Intermediate Scattering Function, ISF.

The intermediated scattering function is defined as follows [38]:

F (q, t) = N−1
N∑
j=1

〈exp[iq · (rj(t)− rj(0))]〉 (2.5)

where rj(t) is the position of the j−th particle at time t; the sum is extended to all

the N identical and non-interacting particles of the sample and q is the scattering

vector. The ISF is the Fourier transform of the self-correlation function of the

instantaneous microscopic density in the sample. In fact, (2.5) may be rewritten as:

F (q, t) = 〈ρ(q, 0)ρ(q, t)〉 (2.6)

where ρ(q, t) =
∑N
j=1 exp(q · rj(t)) is the Fourier transform of the sample instanta-

neous microscopic density. The advantage of DDM and ICS is that the interesting

q-range to study bacteria motion is easily accessible and a complete set of q can be

derived with only a measurement.

2.5 Image Correlation Spectroscopy

An image is described by the intensity I(~r, t) in a point ~r at time t. In a sample

of colloidal particles, I(~r, t) fluctuates with time. Therefore, dynamical information

about particle motion can be derived by studying the correlation function of the

intensity in time.
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The image correlation function g(q, t, t′) is:

g(q, t, t′) = 〈I∗(q, t′) I(q, t′ + t)〉, (2.7)

where I(q, t) is the spatial Fourier transform of the image I(r, t) at the wave-vector

q and star denotes complex conjugate.

In a quasi-stationary system, within the measurement time g(q, t, t′) = g(q, t) and

therefore it is possible to average over time-origins t′. Moreover, assuming an

isotropic sample, g(q, t) can be written as function of q = |q|, i.e. g(q, t) = g(q, t),

so that function can be averaged over all q-vectors having the same magnitude. The

correlation function under this assumptions becomes:

g(q, t) = 〈I∗(q, 0) I(q, t)〉. (2.8)

In Fourier space a general intensity profile of scattered light from a colloidal sample

can be written as a sum over N objects in the sample, each of them described by its

form factor b(q, t) times the position where the i− th object is:

I(q, t) =

N∑
i

b̂i(q)eiqri(t). (2.9)

The correlation function is described by:

〈I∗(q, 0) I(q, t)〉 = 〈
N∑
i,j

b̂∗i (q)b̂j(q)e
iq(rj(t)−ri(0))〉. (2.10)

Considering that each particle has the same form factor and for i = j:

〈I∗(q, 0) I(q, t)〉 = 〈
N∑
i

|b̂i(q)|2eiq(ri(t)−ri(0))〉. (2.11)

For non-interacting particles, the function g(q, t) is related to the self-intermediate

scattering function F (q, t) (shown in Eq. (2.5)). So, the image correlation function

can be rewritten as

g(q, t) = A(q)F (q, t) +B(q), (2.12)
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A(q) and B(q) are time-independent factors depending, respectively, on the average

(static) structure of the image and on the background noise. B(q) contains also

contributions from static objects on the image.

2.5.1 Intermediate Scattering Function (ISF) of motile micro-

organisms

The Intermediated Scattering Function, F (q, t), can be used to describe a swimming

microorganism like E.coli [38, 39], by assuming that on the relevant length-scales

∼ q−1 swimming bacteria move with speed v along straight trajectories in 3D.

Considering the velocity distribution of bacteria P (v):

F (q, t) =

∫
d3vP (v) exp(iqvt) (2.13)

where vt = r(t)− r(0).

Integrating (2.13) in polar coordinates and choosing a reference system in which q

is parallel to the z axis:

F (q, t) =

∫ 2π

0

dφ

∫ π

0

dθ sin θ

∫ ∞
0

dvv2P (v) exp(i q v t cos θ) (2.14)

Bacteria trajectories are equiprobable, therefore P (v) = P (|v|). Then, the angular

integration of Eq.(2.14) yields

F (q, t) = 4π

∫ ∞
0

dvv2P (v)
sin qvt

qvt
. (2.15)

In addition, bacteria are subject to Brownian motion characterized by a diffusion

coefficient D. This thermal motion alone would give F (q, t) = exp(−q2Dt). This

expression can be derived introducing the Van-Hove function [38]:

G(R, t) = 〈δ(R− [rj(t)− rj(0)]〉 (2.16)

G(R, t) is related to the probability distribution for a particle to undergo a displace-

ment R. The ISF and Van-Hove functions are related by a Fourier transform:

F (q, t) =

∫
d3RG(R, t)eiqR. (2.17)
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The G(R, t) can be considered as the solution of the diffusion equation

∂

∂t
G(R, t) = D∇2G(R, t). (2.18)

Transforming it by Fourier:

∂

∂t
F (q, t) = −q2D∇2F (q, t). (2.19)

For Brownian particle G(R, 0) = δ(R) and F (q, 0) = 1, then the solution of (2.19)

becomes F (q, t) = exp(−q2Dt). Combining these two dynamical processes and

considering that in a sample only a fraction of α motile cells is present:

F (q, t) = e−q
2Dt

[
4πα

∫ ∞
0

dv P (v) sinc(qvt) + (1− α)

]
(2.20)

where P (v) dv is the probability of finding a bacterium with speed between v and

v + dv.

In previous works [37, 39], in order to fit experimental data, the P (v) was modeled

with a Schulz distribution:

P (v) =
vZ

Z!

(
Z + 1

〈v〉

)Z+1

exp

[
− v

〈v〉 (Z + 1)

]
(2.21)

where Z depends on the variance σ = 〈v〉(Z + 1)−1/2. Fig.2.10 shows the Schulz

distribution with 〈v〉 = 15µm/s and σ = 7µm/s.

Fig.2.11 shows the F (q, t) of a typical bacterial population modeled by Eq.(2.20).

The top chart are shows F (q, t) (solid line) for q = 0.77µm−1 and its swimming

and diffusive components (dashed lines). The bottom chart shows a F (q, t) for

a set of q-values. Fig.2.12 shows an experimental F (q, t) computed from image

correlation function g(q, t) via Eq.(2.12). The reconstructed F (q, t) is well described

by Eq.(2.20), where P (v) is modeled by Eq.(2.21).

2.6 Motility characterization of E.coli suspensions

Motility characterization by ICS requires only a microscope, a ccd camera with

a high fps (frame per second) and a computer to analyze the data (Fig.2.13). A
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�v� = 15 µm/s

σ = 7 µm/s

Figure 2.10: Schulz distribution with 〈v〉 = 15µm/s and σ = 7µm/s. The vertical

red bar denotes the value of 〈v〉.

bacterial sample satisfies the assumptions of quasi-stationarity and isotropy made

on the image correlation function g(q, t) (see Sec.2.5). In fact, quasi-stationarity is

due to a measurement time much larger then characteristic times of probed system

and the isotropy is due by bacterial motion which trajectories are randomize in all

directions. Data analysis consists in the computation of g(q, t) and in the estimation,

via a fitting procedure, of the six parameters A(q), B(q), D, α, σ, 〈v〉.

2.6.1 The q-range

To extract motility parameters from the Intermediate Scattering Function, it is

necessary to measure this function in an proper q-range.

The experimental qexpmin depending on the camera spatial resolution and on image

size L in pixel. Hamamatsu CMOS camera have a pixel size of 3.63× 3.63µm, with

a 10× magnification, the inverse pixel size is k = .363µm−1. Therefore:

qexpmin =
2πk

L
' 0.01µm−1 (2.22)

where L = 256 pixels was chosen according to the smallest dimension of the analyzed

images. The value of qexpmax ' 2.2µm−1 is evaluated considering the smallest size, L =
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Figure 2.11: Intermediate Scattering Function F (q, t) of a bacterial suspension:

(top) the solid line is the F (q, t)(q = 0.77µm−1), the dotted lines represent the

swimming (red) and the diffusive component (blue) of F (q, t). (bottom)F (q, t) for

a set of q-values (1.2µm−1 � q � 2.2µm−1). The ISF is computed for a population

of E.coli characterised by: 〈v〉 = 15µms−1, σ = 7µms−1, D = 0.35µm2s−1 and

α = 0.7, P (v) is modeled by a Schulz distribution.
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Figure 2.12: Intermediate scattering function F (q, t) (q = 0.77µm−1) obtained by

experimental data of an E.coli sample. The solid line is the fitted function with

Eq.(2.20).

1 pixel. Then the q-range experimentally accessible is 0.01µm−1 ≤ q ≤ 2.2µm−1.

To extract the motility parameters of E.coli suspensions from measurements, it is

important to know the q-range relevant for bacterial dynamics. An upper limit is

due by E.coli size :

qE.coli
max '

2π

a
' 6µm−1 (2.23)

with a ∼ 1µm is typical cell size, whereas, to include larger scale as bacteria runs:

qE.coli
min ' 2π

lrun
' 0.5µm−1 (2.24)

with lrun ∼ 10µm in our E.coli sample. Thus, in the range 0.5 ≤ qE.coli ≤ 6µm−1

an E.coli population can be modeled.

Consider both qexp and qE.coli range, an appropriate q-range can be:

0.5µm−1 ≤ q ≤ 2.2µm−1 (2.25)

Fig.2.14 shows the fitted parameter A(q), B(q), D, α, σ, 〈v〉 from Eqs. (2.20) and

(2.21) in the proper q-range to study bacteria samples. Those motility parameters
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Figure 2.13: Schematic of the equipment used to perform an ICS analysis. In our

laboratories we use an inverted microscope, we collect the images by CMOS camera

(Hamamatsu Orca Flash 2.8 [40]) and we perform the analysis with a computer

software written in Python [41].

are all independent of q, for a value q > 1µm−1. The typical motility parameters,

averaged over q, of our bacteria samples, are: 〈v〉q = 10.2±0.4µms−1, α = 0.9±0.1,

D = 0.31± 0.01µm2s−1, σ = 9.8± 0.5µms−1.

2.6.2 Results

We used the ICS method to better understand and to improve the growth protocol of

our E.coli colonies. A first investigation was intended to find the optimal condition

to halt growth and to collect the cells when bacteria are highly motile. In this case,

we measure the OD of culture cells in the growth medium every 20 minutes, using a

spectrophotometer. To perform the ICS analysis, the images (512 × 512 pixel) are

collected at 50 fps (frame per second) by a CMOS camera (Hamamatsu Orca Flash

2.8 [40]), for 10 seconds (∼ 500 frames).

E.coli cells (MG1655) are grown overnight at 33 ◦C in tryptone broth (Fluka) con-

taining 1% tryptone and 0.5 % NaCl. The saturated culture is then diluted 1:100

into a fresh medium and shaken at 200 r.p.m. We measure the OD and collect the
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Figure 2.14: Fitting parameter values in the q-range between 0.5 and 2.2µm−1.

images of the E.coli culture every 20 minutes during growth. As shown in Fig.2.15,

the cells reach the maximum swimming speed after 4 hours. In our E.coli growth

curve this time interval corresponds approximately to the mid point of the exponen-

tial phase.

It is also interesting to measure the fraction of motile bacteria, α, during the growth

process. In Fig.2.16, α values are compared to the mean speed averaged over q. The

maximum fraction of motile cells is reached for 〈v〉maxq = 15µms−1, whereas the

value of α corresponding to the maximum swimming speed is ∼ 0.7. This value

is typical of E.coli suspensions used in experiments [37, 39]. To obtain an E.coli

sample composed of a larger fraction of motile cells, the cells should be harvested

from the culture after 3.5 h, when bacteria swim at ∼ 15µms−1 and α ∼ 1.

We have chosen to collect bacteria from the culture medium after 4 hours, since this

duration yields the best compromise between motility and fraction of motile cells.
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Figure 2.15: The red solid line is the mean speed averaged over q, the blue is the

OD of the E.coli sample as a function of growth time. In the OD measurements,

the error is within the size of the circle marker in the figure.



CHAPTER 2. ESCHERICHIA COLI 41

0 50 100 150 200 250 300 350 400
time [s]

0

5

10

15

20

<
v

>
q

[µ
m

/s
]

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.1

<
α

>
q

time[s]

�v
� q

[µ
m

/s
]

�α
� q

t[min]

Figure 2.16: The mean speed (red) and α (blue) averaged over q of E.coli sample

as a function of growth time.

We also test the average swimming speed as a function of the time elapsed, after the

sample was sealed in a capillary. The E.coli cells are grown as described above, and
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Figure 2.17: The q-average speed of a sealed E.coli sample as a function of time.
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after 4 hours the cells are harvested from culture media by centrifugation at 2000

rpm for 10 minutes at room temperature. The pellet is resuspended by gently mixing

in a pre-warmed motility buffer composed of 10 mM potassium phosphate, 0.1 mM

Na-EDTA (pH 7.0), 76 mM NaCl and 0.002% Tween-20. To seal the samples, we

use an adhesive wax (VALAP). VALAP is a biological inert compound, composed

by VAselline, LAnolin and Paraffine mixed together in equal parts by weight [42].

The average mean speed decreases after the first 50 minutes after the sealing, until

it reaches a plateaux between 100 and 250 minutes and finally decreases down to a

value around 13.5µm/s after about 6 hours, as shown in Fig.2.17.



Chapter 3

E. coli in a centrifugal field:

motility fractionation

3.1 Introduction

In this chapter, investigating the effects of an external centrifugal field on bacteria

suspensions, we will demonstrate that centrifugation can be used efficiently to sep-

arate swimming cells having different motility [8].

Centrifugation is part of ordinary laboratory technique, commonly used to separate

mixtures into fractions characterized by specific size, weight or density. This process

using centrifugal force leads to the sedimentation of different components in a mix-

ture. Usually, centrifugation is useful to separate quickly two different components

being carried out at high rpm (rotations per minute) and leading to a dense packed

pellet. Choosing an appropriate centrifugal acceleration it is possible to use the

centrifugal force to observe the sedimentation effects.

When a steady state is reached, each component of the mixture has a Boltzmann

density distribution

ρ(z) ∝ exp [−vdz/D] (3.1)

the drift speed vd = µ∆ma is induced by a uniform centrifugal acceleration a on a

particle having a buoyant mass ∆m, mobility µ and a diffusion coefficient D.

Bacteria are self-propelled cells far from equilibrium, as pointed out in Secs. 1.3-

43
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1.5. It has been observed [5], that, for active colloidal particles, sedimentation can

be described by an effective diffusion coefficient. Consequently, also in this case, we

can consider bacteria as “hot colloids” and their diffusion as an effective diffusion

depending on motility.

However, centrifugation may be used also to sort bacteria according to their motility.

As pointed out in Sec. 2.4, characterizing bacteria motility is an important task for

preparing a sample with controlled features. Image correlation techniques such as

Image Correlation Spectroscopy (ICS) and Differential Dynamic Microscopy(DDM)

are powerful tools to characterize the motility of microorganisms, as described in

Sec. 2.5. Beyond the characterization, also the development of methods aimed at

sorting bacteria colonies with selected motility is interesting for physics and microbi-

ology purposes. Field-flow fractionation has been used to isolate motile nonchemo-

tactic E.coli from a mixture of strains having different phenotypes [43]. Recently,

advances in micro-fabrication techniques have led to the development of microstruc-

tures that can concentrate motile cells [6, 44] and sort them according to their

length [45]. Some examples of these micro-devices are shown in Fig. 3.1. These

devices, while are useful to separate cells with different characteristic, are not able

to quantify bacterial motility. Instead, combining centrifugation tools and Image

Correlation Spectroscopy, we are able to measure the space-resolved motility distri-

bution under the effect of centrifugal field in the range ∼ 4g − 12g.

3.2 Experiment

3.2.1 Experimental setup

The experimental setup is designed to combine a dark-field microscope with a cen-

trifugation apparatus as shown in Fig. 3.2. In dark-field microscopy, the incoming

light is partially blocked by a beam stopper before entering in the condenser objec-

tive. Only the rays on the edge are focused on the sample. Therefore, only scattered

light is collected by the imaging objective. Dark-field microscopy permits the acqui-

sition of well-contrasted sample images composed of bright objects against a dark

background [46]. In Fig. 3.3 the image of an E.coli sample acquired with dark

microscopy is compared with the image of a similar sample recorded in bright-field
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concentrate in or escape from certain cavities due to the funnel
effect. This can have important implications for the microecol-
ogy of such environments.

The funnel mechanism of concentration relies solely on mo-
tility and the interaction with boundaries. This suggests a wide
variety of possible uses of similar designs. By rectifying their
motion in certain directions, microorganisms can be separated,
concentrated from suspensions, and guided into specific cham-
bers. Microstructures can be engineered so that bacteria are
arranged into well-defined patterns in them. No flow or moving
parts are necessary in any of these devices, since any change in
cell distribution is spontaneous.

Once the patterns are formed, one can study, for example,
how they change in response to various external effects (e.g.,
changes in nutrient distribution, local delivery of antibiotics,
temperature changes, etc.). Such engineered patterns can be
useful for studying different aspects of cell-to-cell communica-
tion. Perhaps the most intriguing idea is to use such structures
in evolution experiments (8) to imply a selective pressure on
the organisms and test if they can develop a strategy to coun-
teract the funnel walls.
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APPENDIX

The following equations describe the changes in the density of bac-
teria in the two compartments:

!̇L ! "r " cLR# ! !L # cRL ! !R !̇R ! cLR ! !L # "r " cRL# ! !R (A1)

!L and !R are the densities of bacteria on the left and right sides,
respectively. cLR is the fraction of the population on the left going to
the right in unit time, and cRL gives the fraction that crosses in the
opposite direction. The growth rate is denoted by r. After solving these
equations with uniform distribution as the initial condition, we can
write the following formula for the ratio A(t) $ !R/!L:

A"t# ! !cLR "
cLR " cRL # r

2 ! e%"cLR & cRL % r# ! t"#
!cRL #

cLR " cRL " r
2 ! e%"cLR & cRL % r# ! t" (A2)
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FIG. 5. Practical applications of structures with a funnel wall. (A) A series of funnel arrays can function as an effective pump to remove motile
organisms from one reservoir and concentrate them in another one. (B) Spontaneous aggregation of motile bacteria inside a corral formed in the
shape of letters.
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Figure 5. (A) A fluorescent image of the concentrators where many
cells expressing GFP are concentrated. Four microchannels along
which the gradients of fluorescence signals are observed, play a key
role in concentrating the cells. (B) GFP signals in the concentrator
that is 100 µm in diameter increase with time because the cells enter
the circular structure but cannot exit. (C) A time-lapse image
sequence shows the increasing fluorescence intensities of the circle
area 100 µm in diameter with time.

(A) (B)

1.2 mm 1.2 mm

Figure 6. (A) A SEM image of concentrators of which the spacing
distance is approximately 1.2 mm from center to center. Cells are
guided to move along the channel and become trapped at the center,
as indicated by the green line. (B) A fluorescent image of the
concentrators in which many cells expressing GFP are concentrated
1 h after cell loading. Cell patterning on a surface is demonstrated.

concentrators that were 100 µm in diameter, as shown in
figure 6. In the same manner, cells become highly aggregated
only in the concentrators selectively. Theoretically, we
concentrated cells in a 1.2 mm by 1.2 mm rectangle into a
100 µm diameter circular chamber, corresponding to a 180-
fold concentration; the channel height was fixed at 25 µm.
Hence, it is clear that the proposed concentrator makes it
possible to position a number of cells at specific, desired spots
on a surface, as demonstrated in figure 6(B). This makes the
concentrator design likely to be very useful for collecting other
motile microbes without the need for a conventional centrifuge
or filter set.

Conclusion

In this paper, we demonstrated various microfabricated,
ratcheting structures that are capable of guiding E. coli cells to
move in a desired direction. We were able to redirect cells to
move in one direction in straight and circular channels through
the use of an arrowhead-shaped ratcheting microstructure. By

combining the arrowhead-shaped ratcheting structure and the
intrinsic tendency of E. coli to swim on the right side, we
developed an array of novel cell concentrators that aggregate
cells on a surface with a constant spacing distance until
the concentrators 100 µm in diameter are fully filled with
cells. This result can also be applied to a biosorption or
biosensor mechanism because cells are highly concentrated
without any external mechanical and electrical energy sources.
Additionally, it is a great advantage that our method utilizes
a biological energy source from a microorganism. Lastly, we
note the concentrator designs that we presented in this work
would be utilized in concentrating and even patterning various
other motile microbes and provide scientists with a means to
study their motility/behavior on a chip.
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Figure 3.1: Microfluidic devices for concentrating and sorting cells: (a)An array

of funnels acting as a pump to concentrate motile cells in a chamber. The device

is fabricated by microlithography (figure reproduced from [6]). (b)Motile cell con-

centrator fabricated with standard soft lithography. The concentrator consists of

a central chamber and four arrays of arrowhead-shaped structures. Cells in the

circular channel are forced to move into the arrowhead-shaped structures by the

protruding wall (figure reproduced from [44]). (c)Microfluidic device developed to

sort cells by length: the four arrowhead-shaped channel are able to separate and

select the younger (hence, the smaller) cells taking avail of the hydrodynamic inter-

actions between bacteria and the microchannel geometry. An E.coli strain labelled

with green fluorescent protein (GFP) was used in all these experiments.
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Figure 3.2: Experimental setup combining dark-field microscopy and a centrifu-

gation apparatus. Left: in dark-field configuration a partially blocked illumination

beam is focused onto the sample that scatters the incoming radiation. Illumination

light is blocked and only scattered light is collected by the imaging objective. Right:

the sample is contained in a capillary glass tube attached to a wheel driven by a

precision motor.

microscopy. In the image acquired used bright field microscopy, the background is

more noisy than in the one acquired using dark field microscopy. Furthermore, in

dark-field image we mostly see only the bacteria in focal plane as bright spots. In

the bright-field image, on the contrary, we see bacteria either in the focal plane as

dark spots or bacteria above the focal plane as bright spots.

Large images (1800 × 1200 pixels, i.e. ∼ 0.65 × 0.44mm) are collected at a frame

rate of 33 fps by a CMOS camera (Hamamatsu Orca Flash 2.8 [40]) for a total mea-

surement time of about 60 s (∼ 2000 images). The bacterial sample is contained in a

rectangular capillary glass tube (Vitrocom) with internal dimensions of 1× 0.1× 10

mm (W × H × L in Fig. 3.2). Our images (∼ 0.65 mm long) cover about one half

of the capillary width W , which is aligned with the centrifugal force. The capillary

tube is sealed with adhesive wax (VALAP [42], see also Sec.2.6.2), which is also

used to fix the tube to the rotating wheel. The wheel is driven by a phase-locked

loop motor spinnig the wheel up to 100 Hz. The glass tube is placed at a distance

R = 40 mm from the center of the wheel.
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(a) Dark-field image

(b) Bright-field image

Figure 3.3: Comparison between dark-field (a) and bright-field (b) images of E.coli

suspension. Images are acquired using a 20× objective.
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Centrifugal acceleration

In Sec.1.4 we showed that natural sedimentation effects for microscopic objects are

very slow in time. For this reason, we use centrifugation to enhance gravity and

produce a more pronounced and faster sedimentation in the sample. We use typi-

cally centrifugation frequencies of about ν = 10 Hz (600 rpm) corresponding to a

centrifugal acceleration:

a = (2πν)2R ' 12g. (3.2)

For a ' 12g we estimate vd ' 1µm/s. This sedimentation velocity is significant when

compared with the typical swimming speeds of E. coli that are of order ∼ 10 µm/s.

We tested also smaller centrifugal accelerations, a = 7.7g, 4.3g (see Fig.3.9).

3.2.2 Bacteria samples

E. coli (MG1655) samples are prepared following the protocol described in Secs.2.3,

2.6.2.

3.2.3 Measurements

We start with a qualitative study of bacterial trajectories at low concentration. Im-

ages are acquired after centrifugation for 10 minutes at a ' 12g and for a total

time lapse of 6 seconds. We choose to focus on cells swimming close to the capillary

interface where most trajectories are confined by the wall and stay within the field

depth. As shown in Fig. 3.4, the non motile component is fully sedimented in a

∼ 50µm thick pellet. Motile bacteria having a slow swimming speed appear as short

trajectories, mostly confined near the bottom of the sample (left side in Fig. 3.4).

By contrast, fast bacteria that trace longer paths are found throughout the whole

sample. They are clearly seen in the right half of Fig. 3.4. Interestingly, the trajec-

tories of fast bacteria are only rarely interrupted by sudden changes of direction (i.e.

“tumbles”), signaling an average tumbling time longer than 6 seconds. To quantify

these effects we performed ICS on more concentrated samples (109 cells/ml).

Image acquisition is performed after the centrifuge is stopped, i.e. while the swim-

ming bacteria gradually start repopulating the whole sample. However, we can

assume that, within the measurement time, the system is in a quasi-stationary state

provided this re-diffusion process is much slower than the typical relaxation time.
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µ

Figure 3.4: Traces of swimming bacteria after centrifugation at low bacterial density.

Slow bacteria are found sedimented at the bottom of the sample (left side), while

faster ones appear as the only visible component in the upper region of the sam-

ple(right side). Traces are obtained by superposing of frames progressively colored

from red to blue as time increases.

(The stationarity approximation has been checked by subdividing the 60s-long image

acquisition into six different 10s sub-measurement. From these sub-measurement we

can obtain six different g(q, t), see Secs.2.5 and 3.3, which do not show any system-

atic change with the measuring starting time). Centrifugation could, in principle,

induce some anisotropy in the bacteria motion by aligning bacteria along the field

direction. However, we wait for several tenths of seconds after the centrifuge is

stopped before taking our measurements. This ensures that bacteria have time to

tumble and reorient substantially. This is also confirmed by looking at Fig. 3.4 where

the trajectories appear randomized in all directions. In that situation we can assume

that the motion of bacteria is isotropic.

3.3 Data analysis

The ICS method, described in Sec.2.5, links the image correlation function g(q, t)

with the intermediate scattering function allowing the calculation of motility param-

eters. In fact, g(q, t) = A(q)F (q, t) +B(q) and for a bacteria suspension F (q, t) can

be modeled, see Sec.2.5.1, as

F (q, t) = e−q
2Dt

[
4πα

∫ ∞
0

dv P (v) sinc(qvt) + (1− α)

]
(3.3)
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where e−q
2Dt describes Brownian motion which bacteria are subject, α is the fraction

of motile bacteria and P (v)dv represent the probability of finding bacterium with

speed between v and v + dv.

We model velocity distribution P (v) as a superposition of hat functions [47]. This

can be seen as a spline-interpolating curve approximating the actual P (v). The

resulting P (v) is continuous, positive and bounded by some maximum speed vmax

(i.e. P (v > vmax) = 0). The spline P (v) is thus written as

P (v) = N−1
M∑
j=1

cj Tj(v) (3.4)

where the Tj(v) are the hat functions, each having amplitude cj , and the sum is taken

over the M functions used and the normalization factor N =
∑M
j=1 cj

∫
dv Tj(v) en-

sures that
∫
dvP (v) = 1. We choose to set the first node at 1 µm/s so that the

non-motile component is fully accounted by the 1− α term in Eq. (3.3). Following

[47], we used 13 nodes spaced by approximately 5 µm/s. As a test, we check the

effect on the P (v) produced by changing the node spacing. To do this we change the

total number of nodes between the first non-zero node at 1µm/s and vmax = 60µm/s,

the range being kept fixed. This changes substantially the node density by a factor

ranging from 0.5 to 2 (number of nodes ranging from 6 to 32). As may be seen

on Fig.3.5 when the density of node is too low the spline P (v) develops a spurious

peak at high speed. Note also that fitting the same data with the standard Schulz

distribution (the dashed line in Fig.3.5) gives a P (v) whose peak is slightly shifted

to the left. Varying the number of nodes from 13 to about 30 does not affect signif-

icantly the obtained fitted distributions (see Fig.3.5.) We can identify the velocity

distribution P (v) putting together Eqs. (2.12), (3.3) and (3.4) by a fitting procedure

having as parameters A(q), B(q), D, α and the spline coefficients cj , j = 1, · · · . In

principle, the fitting parameters D, α and cj do not depend on q. In fact, they

display minor variations in the range 0.4 ≤ q ≤ 1.15µm−1. Therefore, we choose to

obtain P (v) as an average over q values in that range. We expect that the presence

of an acceleration field will lead to a space-inhomogeneous dynamics along the direc-

tion of centrifugal force. Therefore, we subdivide each image into seven sub-images

(1200×256 pixels, i.e. ∼ 0.44×0.093 mm), as shown in Fig.3.6, and separately com-

pute the image correlation function g(q, t) for each of them. As a result, we obtain
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Testing the spline-method

Claudio Maggi1a

1Dipartimento di Fisica, Università di Roma “Sapienza”, I-00185, Roma, Italy
(Dated: August 29, 2013)

The spline method introduced and detailed in Ref.1 to extract the probability distribution of the speed of swim-
ming bacteria from photon-correlation measurements. Here we propose a test that we have performed to check the
robustness of the method. To this aim we focus on one single measurement of the intermediate scattering function.

As a test we check the effect on the P (v) produced by changing the density of the knots. To do this we change
the total number of knots between the first non-zero node at 1µm/s and vmax = 60 µm/s (that are kept fixed). This
changes substantially the knots’ density by a factor going from 0.5 to 2 (number of knots ranging from 6 to 32).

As seen from Figure 1 when the density of knots is too low the P (v) develops some spurious peak at high speed (see
the most blue curve in Fig. 1). Note also that fitting the same data with the standard Schulz distribution (dashed line
in Fig. 1) gives a P (v) whose peak is slightly shifted toward lower speeds. The evolution of this peak determines the
significant growing behaviour of σ and a slightly increasing trend of �v� shown in Figure 2. However these parameters
(as the P (v)) become practically independent on the density of knots when this is greater than ≈ 0.2 (µm/s)−1. Note
for the analysis presented in the article is performed with a density of knots ≈ 0.22 (µm/s)−1 as using more dense
knots would only slow down the fit while knots very close would bring basically the same information.

In conclusion the spline-method introduced in Ref.1 appears as a reliable techniques for the analysis of DDM/ICS
data if the knots range and number are chose in a reasonable way.

1 G.B. Stock, Biophysical Journal, 16 535 (1976)

FIG. 1: Fitted spline-probability distribution upon changing the density of knots with original density 0.22 knots per µm/s
(between 1 µm/s and 60 µm/s) by a factor ranging from 1/2 to 2 (from blue to red). The dashed line is the probability obtained
from a fit with the Schulz distribution. It is seen that when the knots’ density is too low a spurious peak at high-speed develops.

aElectronic address: claudio.maggi@roma1.infn.it

Figure 3.5: Fitted spline-probability distribution upon changing the node density

with original density 0.22 nodes per µm/s (between 1µm/s and 60µm/s) by a factor

ranging from 1/2 to 2 (blue to red). The dashed line is the probability obtained

from a fit with the Schulz distribution. It is seen that when the nodes density is too

low a spurious peak at high speed appears.

a set of seven intermediate scattering functions F (q, t). We choose to focus on the

high half of the sample, where we expect to find the fastest cells after centrifugation.

In this configuration, the image ranges in height (following named z) from 0.95 mm

and 0.39 mm.

In Fig. 3.7 we show the F (q, t), for one single q = 0.77µm−1, at two different

heights before and after centrifugation. Fitted functions are represented by full

lines. Fig. 3.7 shows quite clearly how the functions measured after a 10 min-long

centrifugation at a ' 12g relax faster than the functions measured in the unper-

turbed sample (a = 0). The two F (q, t), measured at two different heights, in the

unperturbed sample are very similar. Differently, in the centrifuged case we clearly

see that the F (q, t) measured at high z relaxes faster than the F (q, t) measured at

low z indicating that the average bacterial speed is higher at larger elevation. In
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Figure 3.6: The acquired image subdivided into seven sub-images to study the effect

of the centrifugal force.

addition, after centrifugation, the amplitude of the motile component increases from

α ∼ 0.3 to α ∼ 0.8 at higher heights.

Throughout the range of centrifugations speeds and heights we always found dif-

fusivities D = 0.3 ± 0.1µm2/s, which are consistent with the expected value for

Brownian motion of non motile cells [39]. In Fig. 3.8 we plot the speed distributions

before and after centrifugation. The original speed distribution of the unperturbed

sample is denoted by P0(v). After centrifugation the speed distribution depends on

height. This dependance is now explicitly introduced as a parameter in P (v, z). In

Fig.3.8 we show two speed distributions corresponding to the same two elevation

values in Fig. 3.7. Note that the P0(v) shows a very high concentration of slow bac-

teria. Differently, P (v, z) at a = 12g is peaked around higher speeds demonstrating

that centrifugation has sedimented most of the slow bacteria at low height. Note also

that the P (v, z = 0.95) is shifted to higher speeds compared to the P (v, z = 0.39).

Interestingly, the P (v, z = 0.39) is quite similar to a Shultz distribution [37, 39],

while at 0.95 mm we find a less biased P (v, z). From P (v, z) we can determine the
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Figure 3.7: Intermediate scattering functions (q = 0.77µm−1) obtained from ICS,

before and after centrifugation, at 0.39 mm (solid squares �) and 0.95mm (hollow

circles ◦). The two faster relaxing F (q, t) are measured after a 10 min-long centrifu-

gation at a ' 12g. Full lines are fit with the model function in Eq. (3.3). Note that

in the a = 12 g case the F (q, t) relaxes faster at 0.95 mm than at 0.39 mm, indicating

that the average speed of bacteria is higher at larger heights.

average speed 〈v(z)〉 =
∫
dv P (v, z) v. The 〈v(z)〉, corresponding to the measure-

ment in Fig. 3.4 and 3.7, is shown in Fig. 3.9(a) for all heights between 0.36 and

0.95 mm. 〈v(z)〉 grows from about 13µm/s to almost 17µm/s as z increases. In

Fig. 3.9(b) and (c) we also show the effect of reducing the centrifugal acceleration

applying centrifugation to two additional samples prepared from the same (not cen-

trifuged) original sample. The 〈v(z)〉 in Fig. 3.9(b) and (c) were measured after 10

min-long centrifugation with a ' 7.7 g and 4.3 g respectively. It can be seen that

the whole 〈v(z)〉 profile shifts to lower speeds upon decreasing centrifugal accelera-

tion. In addition to the average speed we can study the behavior of the standard

deviation of the speed σ(z), given by σ(z)
2

=
∫
dv P (v, z) (v − 〈v(z)〉)2. The σ(z),

corresponding to the measurement in Fig. 3.4 and 3.7, is shown in Fig. 3.9(a) as a

function of z. It can be seen that σ(z) has a much weaker dependence on z com-
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Figure 3.8: Speed probability density functions measured in the non centrifuged

(a = 0) and the centrifuged sample (a = 12g) represented by the colored areas.

The P (v, z) of the centrifuged sample is displayed at two heights, z = 0.95 mm and

z = 0.39 mm (as indicated by the arrows) obtained from the fits of the two F (q, t)

of Fig. 3.7. Note that the P (v, z) shifts to higher speed and changes shape at higher

heights. The dashed and the solid line are, respectively, the P (v, z) at 0.36 mm and

at 0.95mm, obtained from the P0(v) of the non centrifuged sample, using the model

presented in Sec. 3.4.

pared to 〈v(z)〉. σ(z) decreases only of about 1µm/s upon increasing z. This is also

evident from Fig. 3.8, where one can see that the P (v, z) shifts to higher speeds

and changes shape as z increases but its width remains quite large. Moreover σ(z)

weakly increases while the centrifugal acceleration decreases as shown in Fig. 3.9(b)

and (c). We also check the effects of centrifugal acceleration on the fraction of motile

cells α. Fig.3.10 shows α values at a ' 12 g, 7.7 g and 4.3 g. The increase of α after

a centrifugal force is applied is due to the increase of the average speed (see Fig.3.9).

Similar to 〈v(z)〉, the whole α profile shifts to lower values for smaller centrifugal

acceleration. In the case of E. coli bacteria, careful procedures have been developed

to start off with a suspension of cells having high motility characteristics. Typical
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Figure 3.9: (a) Average speed 〈v(z)〉 ( solid circle •) and standard deviation σ(z)

(solid squares �) as function of z after centrifugation at a ' 12 g, corresponding to

the same measurement of Figs. 3.7, 3.8. The arrow point to the mean speed (solid

line) of the non centrifuged sample. Note how 〈v(z)〉 increases for increasing z. The

solid line is obtained by a heterogeneous diffusion model, discussed in Sec. 3.4. (b)

and (c) 〈v(z)〉 (•) and σ(z) (�) as a function of z after centrifugation at a ' 7.7 g

and 4.3 g respectively. The full line in (a) is reproduced in (b) and (c) as a dashed

line for an easier comparison. This shows how the 〈v(z)〉 shifts to lower speeds for

decreasing a.

speed distributions [39] compare well with what we observe in the small z fraction of

the centrifuged sample with a relative width (σ/〈v〉) of 0.6. The high z component

of the centrifuged sample further improves motility, leading to a distribution having

a higher average and a smaller relative width 0.4. In principle, as will be discussed

in the following section, our method works for any kind of self propelled objects and

could be particularly useful in the case of biological or chemical swimmers that can

only be produced with highly polydisperse speeds.
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Figure 3.10: Averaged α values after centrifugation at a ' 12 g (red line with circles),

a ' 7.7 g (green line with diamonds) and a ' 4.3 g (blue line with squares).

3.4 Modeling

In Sec.1.4 the behavior of swimming cells under the action of an external field was

modeled. The run-and-tumble motion of bacteria subjected to an external field leads

to a probability of finding a cell in a given position in space different with respect to

non motile particle. In our experiment, a centrifugal acceleration a directed along

the z-axis adds a drift-speed component vdẑ to the velocity v of the cell. If the

external field is applied for a sufficiently long time, the population of swimming cells

will attain a stationary density profile. In this situation, the probability ρ(z, v)dz of

finding a bacterium with speed v in the range (z, z + dz) decays exponentially with

z [4]:

ρ(z, v) = N−1 exp(−κ z). (3.5)

The dependence on v is through the sedimentation rate κ, N =
∫H

0
exp(−κ z) is a

normalization constant obtained by integrating over the whole sample of height H.

The actual value of κ depends on the bacteria speed, their tumbling rate and the
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drift speed, according to the transcendental equation [4]:

ln

[
κ(v + vd) + λ

κ(v − vd) + λ

]
=

2κv

λ
(3.6)

In Sec.1.4 it is shown that, in the limit of small vd, κ = vd/Deff(v) where Deff(v) =

v2/(3λ) is the effective diffusion coefficient for a run-and-tumble dynamics and λ is

the tumble rate. In this case, Eq.(3.5) takes the Boltzmann form in Eq.(3.1) with

an effective diffusion coefficient Deff(v):

ρ(z, v) = N−1 exp

(
− vd
Deff(v)

z

)
= N−1 exp

(
−3

vdλ

v2
z

)
(3.7)

We have checked numerically that the approximation provided by Eq.(3.7) gives

practically the same results of Eq.(3.5) in the range of present interest and for the

drift speeds (∼ 1µm/s) prevailing in our experiment. Fig.3.11 illustrates the behavior

z = 0.39 mm

z = 0.95 mm

Figure 3.11: Bacterial density ρ(z, v) as a function of v at z = 0.95mm and z =

0.39mm.

of ρ(z, v) (Eq. (3.7)) at the maximum and minimum experimental heights, having

chosen as parameters vd = 0.45µm/s and λ = 0.1Hz (values compatible with the
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fitting parameter γ shown below). To quantitatively account for the distribution of

speeds in the bacteria population we consider the probability density function of the

speed P0(v) for null external field. As mentioned in the previous section this function

is measured experimentally in the non centrifuged sample. When the centrifugal field

is applied, the probability of finding a bacterium with speed within (v, v + dv) and

located between z and z+dz is given by P0(v) ρ(z, v) dv dz. From this expression we

see that the function ρ(z, v) acts as a filter that reduces the probability of finding

slow bacteria in the high-z regions (see Fig.3.11).Therefore, the z-dependent speed

distribution is given by

P (v, z) = N−1P0(v) ρ(z, v) (3.8)

where N =
∫
dv P0(v) ρ(z, v). Since vd and λ are multiplied in Eq.(3.7) we choose

γ = λvd as the only free fitting parameter. To find γ we fit the average speeds

at different elevation measured after centrifugation at a = 12g with the function

〈v(z)〉 =
∫
N−1P0(v)v ρ(z, v). This fit is represented by the solid line in Fig. 3.9(a)

giving the best-fit parameter γ = 4.5 × 10−2µm/s2. This value of γ is compatible,

for example, with the values vd = 0.45µm/s and λ = 0.1 Hz. This vd is of the

same order of magnitude of the estimate given before and this tumbling rate λ is

consistent with that obtained by direct imaging of bacteria trajectories, discussed at

the beginning of Sec. 3.2.3. Recall that the traces of bacteria displayed in Fig. 3.4

show that cells swim along roughly straight runs for about 6 s without evident

signs of tumbling. The observed value for the tumbling rate is about one order

of magnitude smaller than that generally reported in the literature [2]. It will be

important to investigate the presence of a heterogeneous tumbling frequency among

our cells and the possible role of centrifugation in selecting the smoothest swimmers.

In Fig. 3.8, we show the P (v, z) at z = 0.95 mm (full line) and the P (v, z) at

z = 0.36 mm (dashed line) obtained from Eqs. (3.7) and (3.8) using the fitted

parameter γ = 4.5 × 10−2µm/s2. Note that the modeled P (v, z) follows quite well

the corresponding measured function. When computing σ(z) we also find a slightly

decreasing trend for increasing z, while experimental values are systematically higher

(see Fig. 3.9(a)). The model predicts that the σ(z) should decrease upon increasing

z and the data seem to follow this trend. To further test the model, we have
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computed the quantities of interest at different centrifugal accelerations. Since the

drift speed, and hence γ, are proportional to the centrifugal acceleration (vd ∝ a)

we can obtain the P (v, z) at different values of a by simply rescaling γ. The 〈v(z)〉
obtained in this way are represented by full lines in Fig. 3.9 (b) and (c) for the

centrifugal accelerations a = 7.7 g and 4.3 g respectively. Now, the model has no

fitting parameters it shows an overall decrease of 〈v(z)〉 with decreasing a, which

is in quantitative agreement with the data shown Fig. 3.9 (b) and (c). When the

parameter γ is let free in the fitting procedure, this is found to be approximately

the same at all centrifugal accelerations (γ ≈ 4 − 5 × 10−2µm/s2). With the same

calculation, we can estimate σ(z) at a = 7.7 g and 4.3 g. Theoretical values are

represented by the solid lines in the lower part of Fig. 3.9 (b) and (c). They are still

systematically smaller than the measured ones. This could be due to an intrinsic

fluctuation of swimming speeds of individual cells.

3.5 Conclusions

By applying a centrifugal field on an E. coli suspension, we have demonstrated that

centrifugation has significant effects on the spatial distribution of motility. By us-

ing dynamic image correlation spectroscopy, we have found that a substantial speed

gradient is produced in the direction of the centrifugal acceleration. Finally, we

have compared our results with a theoretical model describing bacteria as particles

with an effective diffusion. This model shows that bacteria can be described as

“hot colloids” with an effective diffusion coefficient depending on their speed. When

compared to other strategies for motility sorting, such as those based on microfab-

rication, centrifugation offers several important advantages, such as easy tunability,

large sample volumes, fast operation and easy implementation. Our findings could

be further used to design novel microfluidic procedures aiming at sorting out highly

motile cells from a heterogeneous population. This would be important both for

micro-engineering applications exploiting self-propulsion and for further investiga-

tion of the biological factors associated with high motility.



Chapter 4

E.coli in an asymmetric

landscape: colloidal delivery

4.1 Introduction

In this chapter we show that it is possible to design three dimensional structures

in which passive colloidal particles can be spatially organized by a suspension of

swimming bacteria [9].

Colloidal particles exhibit a Brownian motion due to stochastic and rapid collisions

with solvent molecules. This diffusive motion leads to a uniform density distribu-

tion in the space available if the external field is null. Concentrating particles in a

specified area requires an external field to do work in order to make the target config-

uration energetically favorable. Boltzmann’s distribution, in fact, predicts that the

equilibrium density of non-interacting particles is a local function of energy density

alone, independent of particle trajectories. On the contrary, active particles, such as

swimming bacteria or chemically propelled colloids, are driven by a non-equilibrium

stochastic force, which may typically be characterized by a persistence time of the

order of a few seconds [2, 3]. The possibility to rectify an out-of-equilibrium dy-

namics by means of an asymmetric environment was described in Sec.1.6, where it

was shown that the interaction with a wall of funnels leads to a different concentra-

tion of bacteria on the two sides of the wall. Bacteria are also able to produce an

60
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unidirectional rotation of an asymmetric gear via a cooperative motion [6, 7]. Also

passive colloidal particles, put in an active bacterial bath, display a random walk

with a finite persistence length [48, 49, 50]. This observation led us to hypothesize

that also this out-of-equilibrium dynamics could be rectified by using an asymmetric

landscape. Bacteria have already been used as micro-propellers to deliver colloids

by joining them onto the surface of micro-cargos [51, 52, 53]. However, an external

signaling system has to provide the stimuli needed to guide and release the bacterial

cargo [52, 54, 55]. In our experiment, we observed that bacteria are able to drive

colloids, initially uniformly distributed, into a target area of about 16× 16µm2. To

achieve this results we used a microfabricated 3D structure without use external

control field or attaching bacteria on colloid cargo .

4.2 Experiment

4.2.1 Basic principle and implementation

In this experiment, we explore the colloidal behavior in a bacterial bath embedded

in an asymmetric landscape made of microfabricated structures. The basic principle

in our method is illustrated in Fig.4.1.

We start by describing the simpler situation in which only non-interacting Brownian

particles are considered. Let us suppose that beads can hop between two metastable

states, 0 and 1, with the same energy and the same spatial extent δ. In equilibrium,

the number of particles n0 in 0 is equal to n1 particles in 1, independently of the

shape of the barrier. The situation may change drastically if we add a fluctuating

noise with a finite correlation time. If the force persistence time is larger than the

transition time, the probability to jump from a state to the other depends on the

probability of being pushed by the bath with a force of amplitude ξ larger than the

slop of the energy barrier f0. Considering that in general a small ξ will be more

frequent than a larger ξ, the most probable transition will be the one with a minor

slope, i.e. from 1 to 0. This results in a biased transition rate between the two

states, producing a stationary state in which particles spend more time in state 0

than in state 1. Defining λ01 and λ01 the transition rate from 0 to 1 and from 1 to
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Figure 4.1: Basic principle and experimental setup. (a) A schematic representation

of the main geometric and dynamical features of transitions between states sepa-

rated by asymmetric barriers. (b) A scanning electron microscopy image of a square

structure that gathers particles in the central chamber. Radial walls enhance struc-

tural stability. Scale bar, 10 µm in length. (c) The mean squared displacements

(MSD) of the beads in the absence of bacteria (simple Brownian motion, hollow

circles) and in the bacterial bath (solid circles). Solid and dashed lines, fitted to

the data, give a persistence time of τc = 0.04 s for the active system. The inset de-

picts the same data as an effective diffusivity (computed dividing the MSD by 4τ),

clearly showing the super diffusive regime at short times. The Brownian diffusivity

is D0 = 0.15µm2s−1, whereas after adding bacteria we measure an additional active

term DA = 0.45µm2s−1.
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0, the stationarity condition will be:

n0λ01 = n1λ10 → n0 =
λ10

λ01
n1 (4.1)

In more complex situations, where a 2D region is surrounded by a series of sequential

barriers 0, 1, 2, . . . with asymmetric walls as in Fig.4.1(a), the transitions rates are :

λ01 ∼ λ12 ∼ λ− < λ10 ∼ λ21 ∼ λ+ (4.2)

In the inner region 0 the number of particles can increase by a factor (λ+/λ−)m

where m is the number of barriers. If (λ+/λ−) ' 2 three barriers are enough to

lead to an increase in the particles density of about an order of magnitude. We

designed a 3D structure, shown in Fig.4.1(b), implementing a 2D pattern of energy

barriers over a flat surface. The gravitational force acting on beads transforms the

wall geometry into an asymmetric energy landscape. To drive colloidal beads with

an out-of-equilibrium stochastic force we use motile bacteria.

We check the difference between the mean square displacement (MSD) of beads in

a absence of bacteria and in a bacterial bath. As shown in Fig.4.1(c), the active

system has a persistence time of τc = 0.04 s. Moreover, the active system displays a

super-diffusive behavior at short times, see inset in Fig.4.1(c).

4.2.2 Bacteria samples

E.coli(MG1655) samples are prepared according to the protocol described in Secs.2.3

and 2.6.2. To perform this experiment, salt was removed from the recipe of the

growth medium and of the motility buffer, to avoid that particle aggregate and stick

to the cover glass. We have not observed any significant change in the growth and

motility characteristics of our bacteria in the salt-free medium. In fact, the bacteria

growth rate without salt does not show a significant deviation from the growth rate

of a usual E.coli sample (see Fig.4.2). Furthermore, as pointed out in Sec.2.3, a

motility buffer without salt still have a pH(∼ 7) suited to motility.

4.2.3 Microfabrication

Microfabrication is performed by a holographic optical tweezer setup [13, 56]. A

reflective liquid crystal SLM (Holoeye LC-2500) is employed to impose a computer-
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Figure 4.2: Growth curves of E.coli with and without salt: blue squares (�) repre-

sent the measured Optical Density of E.coli sample growing in standard condition

described in Sec.2.3, red circles (◦) represent the measured O.D. density of E.coli

growth without any salt. Dashed lines are fitted to the data. The two different condi-

tions do not modify significantly the growth rate, from the fit: τstandard = 40±2min

and τnoSalt = 44± 1min
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generated pattern of phase shifts generated by CUDA parallel processing onto an

expanded laser beam (DPSS Opus Ventus 532 nm, 3 W)[57, 58]. The emerging

wavefront is focused by a large numerical aperture microscope objective (Nikon Plan

Apo VC 100, numerical aperture= 1.4) onto an array of spots as determined by the

parameters of the structure being built. We used Norland NOA 63, as a patterning

photopolymer, an ultraviolet curing adhesive. Although the adhesive sensitivity lies

outside the laser wavelength, the low absorption allows for intensity-based threshold

processing. After fabrication, the uncrosslinked glue is removed by gently washing

with toluene and then drying out in open air.

SEM images of the microstructure are shown in Figs.4.1(b) and 4.3(c). The device is

composed of three concentric square barriers having a steeper slope pointing on the

inner side (swapping the sides we built a structure that is expected to eject beads).

Figs.4.3(a) and (b) represented a 3D sketch of both structures. The structure has a

height of about 2µm, a side slope with horizontal distance a ' 0.5µm and b = 2µm

(see Fig. 4.1(a)).

4.2.4 Sample preparation

A surfactant solution of 1% Tween 20 is applied on the glass coverslips, let to dry

and placed in a microscope coverslip holder. Silica beads of 2µm diameter (Bangs

Laboratories Inc.) are dispersed in the bacterial motility buffer. A colloidal solution

(2.5 µl) is added to the coverslip surface, followed by a 2.5µl of bacterial solution,

resulting in a sample height of about 150 µl. The holder is then sealed. Humidity

throughout the experiment is maintained with a damp cloth. Fig.4.4 shows a sketch

of the sample holder.

4.2.5 Particle imaging

Images are acquired with 20× and 40× Nikon Plan Fluor objectives in a bright-

field microscopy setup. Particle tracking is accomplished through a centre of mass

algorithm after subtracting the average background and filtering with a threshold.

Particle numbers in different structures are initially computed by tracking and then

verified by observation and counting. In order to extract the persistence time and

diffusivities, the 2D mean squared displacements are fitted by a simplified active
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Supplementary Figure S1
Panels a and b show 3D rendering of the original design of the collecting and ejecting 
structures. c Post-processed perspective SEM image of a fabricated collecting structure.

Figure 4.3: Panels a and b show 3D renderings of the original design of the gathering

and scattering structures. Panel c shows the post-processed perspective SEM image

of a fabricated gathering structure.

sample holder 

damp cloth 

cover glass 

Figure 4.4: Schematic of the sample preparation: the micro-structure is fabricated

on a coverslip placed in a sample holder. After putting the colloidal and bacterial

solutions on the coverslip, the sample is closed with a damp cloth covered by a

microscope slide. A SEM image of the microstructure is given on the right. Scale

bar, 20 µm long.
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diffusion model [50] with an extra short time Brownian diffusive term:

〈∆r2〉 = 4DA[τ − τc(1− e−τ/τc)] + 4D0τ (4.3)

with τc the correlation time, DA the long time active diffusivity and D0 the Brownian

diffusivity.

4.3 Results

4.3.1 Observation of colloidal accumulation and depletion op-

erated by bacteria

Our experiment is illustrated in Fig.4.5. Beads, in green, are digitally tracked on a

surface with gathering and scattering structures. At the beginning, after all beads

are sedimented we have a surface number density that, by direct counting, we find

to be ρc=0.013 µm−2. We set time t = 0 soon after the introduction of bacteria,

while the distribution of beads is still homogeneous and the concentration of cells

is uniform. The surface number density of bacteria is ρb=0.014 µm−2. After about

twenty minutes, the gathering structures are filled up, while scattering one are de-

pleted (Fig.4.5b). A time-averaged bead positions during the last 5 minutes of the

run, Fig. 4.5c, shows marked accumulation and depletion. Without bacteria how-

ever, colloidal particles, driven solely by thermal fluctuations, remain trapped in the

structures’ compartments, Fig.4.5d. In fact, a bead cannot jump over the barriers,

since its thermal sedimentation length is 0.1µm corresponding to an energy barrier

of about 20 kBT. Boltzmann statistics would predict a uniform probability density

throughout the flat regions in our system, corresponding to the same energy level.

A colloidal density of ρc=0.013 µm−2 corresponds to an average of 3.3 particles

in the inner chamber of the gathering structures. Without bacteria, the gathering

structures at the top left and bottom right of Fig.4.5d contain respectively 2 and

7 particles. Assuming a Poisson probability distribution, those configurations are

expected to occur with probabilities of 20% and 3%, respectively. On the contrary,

after the addition of bacteria, the same two structures contain an average of 13 par-

ticles over the last 40 seconds (see Fig.4.6). This would only occur with a probability

0.003%, assuming a uniform density distribution as in equilibrium.
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Figure 4.5: Observation of particle concentration and depletion operated by bacte-

ria. Single experiment snapshots of particles and bacteria at the initial time (t = 0)

where particles are randomly distributed (panel a) and for t = 20 min, where parti-

cle distributions have been strongly affected by bacterial transport over asymmetric

barriers (panel b). Colloidal particles that are not stuck on the surface are high-

lighted in green. Particle distributions averaged over a steady state are shown in

panel c for particles in the bacterial bath between t1 = 15 min and t2 = 20 min

(∆t = 5 min) and in panel d for particles in an experiment without bacteria, under-

going simple Brownian motion for ∆t = 10 min. Without bacteria, colloidal particles

remain trapped within the structures compartments. The scale bar in panel c is 20

µm long.
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4.3.2 Time evolution and transition rate modeling

In order to get a quantitative estimate of the transition rates we have recorded the

time evolution of the number of beads in the three internal areas of all structures.

Averaged data, corresponding to the gathering and scattering structures in Fig. 4.5,

are reported in Fig. 4.6. As preliminary model, we assume that the number of

beads in each region is governed by a coupled set of linear rate equations. Calling

N = (n0, n1, n2) the array of particle numbers we have:

Ṅ(t) = −ΛN(t) + S (4.4)

with Λ the rate matrix:

Λ =


λ01 −λ10 0

−λ01 λ10 + λ12 −λ21

0 −λ12 λ21 + λ23

 (4.5)

and S = (0, 0, s) a source term, where s is the probability per unit time that a

bead enters from outside. Since in the states 1 and 2 the beads are confined to

be within the same distance δ from the two walls, it is reasonable to assume that

λ12 = λ23 = λout and λ21 = λ10 = λin. However, we can expect that λ01 is

significantly lower than λ12, since beads in 0 are on average at a larger distance

from the wall. We account for this effect by assuming λ01 = αλout, with α < 1 being

the probability for a bead in region 0 to be located within a distance from the wall

equal to δ. We estimate α as the ratio between the shaded area in Fig. 4.1b and the

total area of region 0. With reference to Fig. 4.1a, the values of λin and λout will

correspond respectively to λ+ and λ− for the gathering structures and to λ− and

λ+ for the scattering ones. The formal solution of (4.4) reads:

N(t) = e−Λt[N(0)−N(∞)] + N(∞) (4.6)

with the stationary state N(∞) = Λ−1S. Defining n as the constant average number

of beads that lay within a distance δ from the outer wall, we can write s = nλin and

have n0(∞) = α(λin/λout)
3n. This model completely neglects the excluded volume

interactions between particles, that will set a maximum number of beads that a

structure can accommodate in its interior. Nevertheless, we find a single set of fit-
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a
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Figure 4.6: Temporal evolution of particle numbers within structural compartments.

Particle numbers from a single experiment are averaged between the two gathering

(a) and scattering (b) structures shown in Fig. 4.5. Each structure is subdivided

into three compartments as highlighted by shaded areas in the insets: center (purple,

triangles), middle (green, squares) and outer (blue, circles). Solid lines represent the

best fit solution to the rate equation (4.6). Shaded areas in the plot represent the

expected one and two standard deviation limits for predicted fluctuations in the

evolution of beads numbers.

ting parameters λ+, λ− and n that describes well the observed filling and emptying

processes on both structures (Fig. 4.6). In particular, we obtain λ+ = 0.66 min−1

and λ− = 0.36 min−1 with a ratio λ+/λ− equal approximately to 2. The fitted value
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of n is 1.8, which is of the order of the average number of particles laying within a

distance δ from the outer boundary of the structure. The fitted curves are drawn

as solid lines in Fig. 4.6. In addition, for the innermost chambers, we report also

the expected one and two standard deviation limits for fluctuations. While data for

scattering structures seem to show a reasonable noise level, the number of particles

in the center of gathering structures shows extremely large fluctuations. We conjec-

ture that these fluctuations arise from collective effects neglected in our simplistic

analysis, but likely important once colloidal beads start to pack together. However,

accumulation effects over multiple and independent experiments are systematic and

reproducible, as shown in Fig. 4.9.

4.3.3 Role of bacteria concentration

It is expected that the jump rates and steady state probabilities depend on many

parameters, the most obvious of which are the height and slopes of the structures.

Other parameters include particle size and density, the bacterial concentration and

motility. In particular, we find that when the bacterial density is increased, beads

Figure 4.7: Effect of the bacterial density on filling efficiency. Solid lines represent

the time evolution of total beads count over entire filling structures in the case

of low and high bacteria densities: ρb =0.014 (green) and 0.2 (purple) µm−2. The

horizontal blue line shows the unchanging particle number in the absence of bacteria.
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acquire a higher diffusivity that makes them less sensitive to the action of the un-

derlying landscape. In Fig. 4.7, we report the time evolution of the number of beads
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Figure 4.8: Solid lines represent the time evolution of the number of bacteria in

the center of the gathering square structure (green) and in the center the scattering

structure (purple). Dashed lines represent the number of bacteria in each structure.

over an entire gathering structure for the three cases ρb = 0, 0.014 and 0.2 µm−2.

As expected, an increased activity leads to a balancing of the two rates λ+ and λ−

with the consequent weakening of rectification. We do not observe any apprecia-

ble accumulation effects for swimming bacteria since diffusivities, in that case, are

extremely large. Moreover, the number of bacteria is not affected by the structure

geometry, as shown in Fig. 4.8.

4.3.4 Structural curvature effect

A rather unexpected and significant effect is obtained changing the structures from

square boundaries to circular ones (Fig. 4.9). Although both barriers have the

same cross section-shaped, square structures are much more effective in gathering

particles than circular ones. We hypothesize that the effect of curvature is due to

the narrowing of incident angles for which a bead, driven by a constant force, is able

to bypass the barriers. However, we are currently unable to exclude that the noise
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Figure 4.9: Filling efficiency for gathering structures of different curvatures. Thick

solid lines represent the bead number average over three different experiments on

the total area of nearby square (green) and circular (purple) structures. Unaveraged

curves are color coded in the background. Additionally, we show a schematic of the

effect of wall curvature on the trajectory of a particle driven by propelling force.

Dotted arrows show the trajectories without gravity. In the presence of gravity

the flat ramp applies a constant force while the curved ramp results in a position

dependent force which is able to deflect particles more easily.

near the boundaries due to complex bacteria-particle-wall interactions contribute to

this effect.

4.4 Conclusions

We have designed and implemented a novel method to use self-propelled bacteria

as micro-propellers capable to transport and segregate colloids over micro-patterned

structures. The proposed mechanism relies on the use of bacteria as the source of an

out-of-equilibrium noise that allows colloidal particles to cross asymmetric barriers

with strongly biased transition rates in opposite directions. Furthermore, in this

experiment only colloidal beads are confined or dispersed. Bacteria, in fact, are free

to move above structures and do not display any accumulation. This because bac-

teria, differently from silica beads, have a higher effective sedimentation length due
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to their lower buoyancy mass and higher effective diffusion coefficient. Previously

reported rectification phenomena in active matter rely on a different effect where the

presence of geometric constraints drives self propelled particles along non reversible

paths [6]. In contrast, here active particles are free from strict geometric constraints

and rectification arises from asymmetries in the field of applied forces. As opposed

to the case of 2D funnel shaped obstacles, that only provide a limited number of

rectifying channels, our asymmetric 3D barriers can be crossed with biased rates at

any point along their length, allowing for an increased rectification efficiency. More-

over, we use bacteria to segregate passive heavy colloidal particles, while the active

bacterial component is basically unaffected by the underlying structure. It is also

important to note that, since the rectification process here is driven by transitions

over energy barriers that are well above kBT, the disruptive effects of Brownian

motion are significantly reduced. Further investigations on the role of barrier shape

could lead to the design of optimal devices, faster and more selective which could

discriminate between colloids of different size, shape or density.



Chapter 5

E.coli in holographic optical

tweezers

5.1 Introduction

Optical tweezers, introduced by A.Ashkin [59], use a strongly focused laser beam

to trap and move objects whose size ranges from tens of nanometers to tens of mi-

crometers. The scattering force pushes an object such as a colloidal particle along

the optical axis in the direction of propagation, while the gradient force drags it

towards the focal point. The trap is stable when the gradient force prevails over

the scattering force (Fig.5.1). Holographic optical tweezers can trap more objects

simultaneously using a spatial light modulator (SLM). An SLM acts as a diffractive

optical element splitting a single laser beam into many traps that may be independ-

ently positioned in 3D (Fig.5.2)[13]. This technique is particularly suited to the

study of biological matter, like bacteria, cells and macromolecules [12, 56, 60, 61].

In fact, holographic optical tweezers can manipulate a single bacterium or more of

them, thus allowing a quantitative measurement of forces involved in bacterial swim-

ming and of the interactions between bacteria in a well-controlled and reproducible

environment. Moreover, trapping bacteria with fluorescent flagella may allow us to

study in detail hydrodynamic interactions and the synchronization effects between

flagellar bundles and bacteria.

75
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Laser Beam 

Gradient Force 

Scattering Force 

Figure 5.1: A schematic representation of forces involved in an optical trap.

SLM

CMOS

microscope
objective

Fig. 1 A typical setup for holographic optical trapping. A laser
beam is expanded to overfill the SLM active area. The modulated
beam is then compressed and imaged onto the entrance pupil of a
high numerical aperture microscope objective. White light is used
for imaging the trapped structures through the same objective. A
fast CMOS camera can be used for multi-particle tracking up to a
few kHz framerate.

tweezers.

The term holographic optical tweezers was coined by Curtis
et al. in 2002 in their seminal paper on the use of a com-
mercially obtained spatial light modulator (SLM) acting as
a programmable diffractive optical element (DOE) to split a
single laser beam into many optical traps that could be inde-
pendently positioned in 3D and for which the point spread
function for each of the traps could be independently con-
trolled12,13, see Figure 1. Their work built upon that of several
other groups that had demonstrated various aspects of this ap-
proach. Fournier et al. in 1995 identified the use of diffractive
optics for generating complex arrays of traps14. Also in 1995
Heckenberg et al. demonstrated that a diffractive optic could
be used to engineer the point spread function, in their case to
create a helically-phased ”doughnut” beam which they would
later use to spin a microscopic particle15. In 1998 Dufresne
and Grier used a fixed DOE to create large arrays of trapped
particles and proposed replacing the fixed DOE with a pro-
grammable SLM16. Early demonstrations of using the SLM
in an optical tweezers were Hayasaki et al. for a single par-
ticle17, Reicherter et al. for multiple particles18 and, from
the same group, Liesener et al. for manipulation of multiple
particles with both axial and lateral control19.

2 Algorithms for hologram design and inter-
faces for trap control

As discussed, the positioning of the SLM in the Fourier plane
means that a lateral movement of the trap requires an angular
deviation of the beam in the plane of the SLM. For a single trap
this correctly suggests a very simple hologram design, namely
a blazed diffraction grating where all the incident power is
diffracted into the first order. The pitch of the grating and its
angular orientation set the distance and direction respectively
that the trap is shifted from the zero-order. One sees immedi-
ately that the maximum shift corresponds to the highest num-
ber of line-pairs with which a grating can be displayed and
hence the SLM’s resolution7. The trap formed by such a holo-
gram can be easily modified by the pixel-by-pixel, modulo 2π,
addition of a further hologram. e.g. the addition of a Fres-
nel lens shifts the axial position of the trap. Furthermore, as
mentioned above, the addition of a spiral phase term exp(i�θ)
to produce a forked grating creates a helically phased dough-
nut beam20, which carries an optical angular momentum that
can be transferred to a particle, causing it to spin15,21. That
helically-phased beam could carry such an angular momen-
tum had only been recognised a few years previously22 and the
study of the properties of these beams in optical tweezers has
remained central to studies of optical angular momentum23.

Having established that a diffraction grating, with the op-
tional additional of a Fresnel lens, creates a single trap that
can be positioned in x,y,z, it was also shown that a hologram
required to produce multiple traps is obtained as the argu-
ment of the complex addition of the individual holograms each
weighted in accordance to the desired trap strength19 (The
precise weighting function is quite subtle24). This ”‘gratings
and lenses”’ algorithm is computationally efficient, even more
so when implemented on the graphics processor, within which
the multi-core architecture means that the required phases for
many pixels can be calculated simultaneously. This graph-
ics card can then itself be used as the drive for an appropri-
ate SLM, calculating holograms to produce 100 or so traps at
100s Hz25–27, see Figure 2. In the absence of such comput-
ing power it is possible to simplify the algorithm, for example
by dividing the SLM into regions, each region programmed
to produce a single trap, meaning that individual traps can
be controlled without having to recalculate the whole holo-
gram28.

Although computationally efficient and sufficient to pro-
duce complicated 3D arrangements29 the ”gratings and
lenses” algorithm has a number of limitations. For exam-
ple, when used to calculate regular arrays of traps, compar-
atively large, and usually unwanted, variations in trap strength
are obtained30, which require further iteration of the hologram
design to overcome31. The fine-scale positioning of individ-
ual traps is also more complicated than might at first sight

2 | 1–11

Figure 5.2: A typical setup for holographic optical trapping. A laser beam (in

green) is expanded to fill the active area of the SLM. Then, the modulated beam is

compressed and focused on the entrance pupil of a microscope objective with high

numerical aperture. White light (in yellow) is used for imaging the trapped objects

(Figure reproduced from [13]).
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5.2 Photodamage

Holographic optical tweezers are a powerful tool to manipulate bacteria and other

microorganisms. However, their use has some limitations, due by the potential dam-

age on the sample resulting from trapping laser. The origin of cells photodamage

in optical trapping is not fully understood. It could be due to a transient local

heating, or to a two-photon absorption, or else to a photochemical process resulting

in the production of reactive chemical species. The characterization of this phe-

nomenon for E.coli cells has been studied across the near-infrared region favored

for trapping (790-1064 nm) in [62]. Biological materials are relatively transparent

to a waveband in the near-infrared region, between the absorption bands of many

biological chromophores in the visible region and the increasing absorption of water

toward longer wavelengths. In [62], the photodamage induced to E.coli cells using

a bacterium attached to a cover glass by a single flagellum. The tethered cell turns

around its point of attachment when flagellar motor rotates. The rotation frequency

is ∼ 0− 15 Hz depending on the cell size. In this work the photodamage effects are

quantified by the time at which rotational rate decreases of 50% compared to its

initial value, LD50. Bacteria trapped with an infrared laser at 1064 nm with a power

of 50 mW show a decrease of 50% in rotational rate after about 15 minutes, whereas

LD50 is 50 minutes for a free cell. Furthermore a larger increase in LD50 is observed

by removing oxygen. Without oxygen, LD50 is 45 minutes. It is seen that anaerobic

conditions increase the lifetime of trapped cells. Thus, the use of oxygen scavenging

system is suggested to reduce oxygen in trapping experiments.

5.3 The flagella fluorescent labeling protocol

A single flagellum, described in Sec.2.2, is several micrometer long but only about

20 nm in diameter. Thus, observing a single flagellum is not straightforward. To

overcome this limitation a protocol was developed in [14] to color single flagellar

filament. In [14], the different polymorphic form of flagella are observed during the

run-and-tumble motion using this labeling method. The fluorescent labeling method,

described in [14], is applied to mark cells using Alexa Fluor (488, 532, 546, or 594)

carboxylic acid succinimidyl ester or Oregon Green 514 carboxylic acid succinimidyl
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ester (O-6139). The name of each dye carries a number that corresponds to the peak

of its excitation spectrum (in nanometers). In [14] it is found that Alexa Fluor 532

and 594 provide the brightest dye. To label the cells, after the usual procedure to

prepare E.coli samples (see Sec.2.3), a solution composed of 0.4 mg of Alexa Fluor

dissolved in 100µl of motility buffer, is added to bacteria sample. This compound

is mixing gently at 100 rpm for 1 hour in a dark room at ambient temperature.

Sodium bicarbonate (25µm 1M) is added to solution for shift the pH to 7.8. Then,

bacteria are washed three times to remove dye from the solution by centrifugation

and resuspension in a motility buffer. Fig. 5.3 shows E.coli cells labeled with Alexa

Fluor 532.

eter, pitch, and length of individual filaments were made on the same data set.
Calculations of curvature and twist were from equation 1 of Calladine (7).
Images and results were stored in a FileMaker Pro 4.1 database (FileMaker, Inc.,
Santa Clara, Calif.) and exported for graphing to Kaleidagraph 3.08 (Synergy
Software, Reading, Pa.).

For freely motile bacteria, images were deinterlaced, and then selected areas
were enlarged digitally !2.5 to !10. The numbers in the figures refer to fields,
i.e., to images obtained at 60 Hz. In some figures, only alternate fields are shown.
Some cells entered the field of view, tumbled, and then left the field of view,
remaining in focus for the entire series of events. The trajectories of their cell
bodies were traced, and the deflections generated by the tumbles were noted.
Flagellar waveforms were identified by eye or, if difficult to discern, by measure-
ments of diameter and pitch. Speeds of swimming cells were determined from
the distance traveled per video field. The direction of wave propagation of
filaments or bundles could not be determined, since the image acquisition rate
was lower than flagellar rotation rates. Results were stored in a FileMaker Pro
4.1 database and exported for graphing to Kaleidagraph 3.08. Images were
prepared for publication (but unenhanced) with Adobe Photoshop 5.5. Movie
files are available at http://www.rowland.org.

RESULTS
Labeling. We tried four Alexa Fluor dyes, as well as Oregon

Green. The name for each dye carries a number that corre-
sponds to the peak of its excitation spectrum (in nanometers).
With Alexa Fluor 488, both filaments and cell bodies were
brightly labeled. Bacteria could be watched for a minute or
more without substantial loss in brightness. However, excita-
tion was in a spectral region that elicits a repellent response
and readily de-energizes cells (21). As a result, the bacteria
tended to avoid the illuminated region and stopped swimming
once trapped in the light spot. The number of filaments per cell
(mean " standard deviation, [SD], 2.78 " 1.60) and the fila-
ment length (5.6 " 2.9 #m) were smaller than those for the
other dyes, presumably because the filaments were made brit-
tle by the dye and/or the light.

Oregon Green 514 labeled filaments and cell bodies to a
similar extent as Alexa Fluor 488, but it bleached more readily.

Alexa Fluor 532 labeled filaments brightly and the cell bod-
ies less brightly, so filaments could be seen as they passed over
the cell body to form a bundle. The number of filaments per
cell (3.37 " 1.59) and the filament length (7.3 " 2.4 #m) were
larger than those for any other dye. Alexa Fluor 532 was
developed for 532-nm lasers (Nd:YAG frequency doubled),
which at powers necessary for strobe illumination are quite
expensive. Fortuitously, we already had a high-power argon-
ion laser, which when turned to 514 nm worked well: the
absorbance of Alexa Fluor 532 at 514 nm is about half that at
532 nm. This combination was used for most of the work
reported here. There was no repellent response, so unless cells
happened to tumble spontaneously while illuminated, they
simply swam through the light spot without deflection or
change in speed. The swimming speed of the cells studied with
this dye was 30 " 12 #m/s (mean " SD).

Alexa Fluor 546 labeled filaments and cell bodies in a man-
ner similar to that of Alexa Fluor 532. Alexa Fluor 546 is
probably optimum for mercury-arc excitation: it was developed
to match one of the mercury emission lines.

To the eye, Alexa Fluor 594 was the most impressive dye.
Filaments were labeled brightly and appeared slightly thicker
than with other dyes, presumably because of the longer emis-
sion wavelength. The cell bodies also were labeled, but they did
not appear to be as bright as when labeled with dyes of shorter
wavelength. The behavior of the bacteria was similar to that
seen with Alexa Fluor 532. Also, our CCD camera was more
sensitive at the longer wavelength. The number of filaments
per cell was 3.26 " 1.77, and the filament length was 5.9 " 2.5
#m.

Flagellar waveforms. We measured waveforms of filaments
on de-energized cells stuck to glass, using images that were

averaged digitally over 30 video frames (60 fields). If the cells
were de-energized with FCCP and then allowed to settle onto
glass, all of their filaments were normal. However, if they were
allowed to interact with the glass first and then were de-ener-
gized (or partially de-energized) by exposure to light, other
waveforms were observed, as shown in Fig. 2. Of 512 filaments
observed on 152 cells viewed as described for panels C and D,
465 were normal, 15 were semicoiled, 24 were curly 1, and 8
were curly 2. Presumably, these various waveforms were in-
duced by torsion exerted by the flagellar motor on a filament
pinned at one or more points to the underlying surface.

Changes of this kind were observed with filaments on ener-
gized cells stuck to glass, as shown in Fig. 3. A normal-to-curly
2 transformation appears in fields 1 to 8. The distal end of the
filament is normal and extends to the left, held in contact with
the glass by the CW-rotating motor. This transformation pro-
ceeds proximally to distally, and the length of the normal
segment shortens. The filament then relaxes back distally to
proximally from curly 2 to semicoiled, as seen in fields 10 to 14,
presumably because the end of the filament is now free to turn
and the torsion is reduced. Finally, the filament transforms
from semicoiled to curly 1, as seen in fields 27 to 35.

Bundles on freely swimming cells also exhibited different
waveforms, as shown in Fig. 4: in addition to normal (A), these
included curly 1 (B and C) and semicoiled (D). One of the
curly 1 bundles is loose (B), and another is tight (C). Measure-
ments of diameter and pitch made from images of the kind
shown in Fig. 2 to 4 are shown in Fig. 5A. The corresponding
values of curvature and twist are plotted in Fig. 5B. The solid
line is a half-sine wave (8).

Tumbles. Tumbles are brief events that enable cells to alter
course (4). They are thought to begin when flagellar motors
change their direction of rotation from CCW to CW and to
end when they switch back again to CCW (19, 22, 26). We

FIG. 2. Immobilized cells of E. coli viewed for 1 s. (A and B) Labeled with
Oregon Green 514 and illuminated by a mercury arc. (C and D) Labeled with
Alexa Fluor 532 and illuminated by a strobed argon-ion laser (the technique used
for all subsequent figures). The waveforms exhibited by individual filaments
include normal (A); normal, semicoiled, and curly 1 (B); and normal, curly 1, and
curly 2 (C and D).

VOL. 182, 2000 REAL-TIME IMAGING OF FLUORESCENT FLAGELLAR FILAMENTS 2795
 on Septem

ber 13, 2012 by guest
http://jb.asm

.org/
D

ow
nloaded from

 

Figure 5.3: E.coli cells labelled with Alexa Fluor 532. Cells are illuminated by

strobed argon-ion laser (Figure reproduced from [14])

5.4 Preliminary results

In the following sections, we describe our preliminary result in fluorescent labeling

and trapping experiments. Our final aim is to combine these two tools to study the

synchronization effects between the flagellar bundles of different cells and the hy-

drodynamic interactions between bacteria, through the direct observation of flagella

behavior.
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5.4.1 Trapping

To trap bacteria cells we use the typical setup shown in Fig.5.2 equipped with an

infrared laser (Laser Quantum Ventus IR λ = 1064nm [63]), an SLM (Hamamatsu

LCOS-SLM X10468 [64]) and a CMOS camera (Hamamatsu Orca Flash 2.8 [40]).

The E.coli samples are prepared following the protocol described in Sec.2.3. In this

preliminary experiments we have tested different trapping configurations to select

the best setting for studing trapped bacteria. A first set of measurements is carried

out using two trapping spots with a trapping power of 60 mW. The E.coli cell is

trapped horizontally along the x-axis, as shown in Fig.5.4(a). We collect 30000 frame

at 250 fps for a total time of 60 seconds. The lifetime of trapped cell is measured

observing the fluctuation in the angle between the horizontal trap axis and cell axis

(see Fig.5.4(b)). Since it is difficult trap a cell horizontally avoiding that the cell

flips in one of the two traps, in a second set of measurement we used one trap

with a trapping power of 40 mW. Thus, a bacterium is trapped along the z-axis as

shown in Fig.5.5(a). In this configuration we can track the cell dynamics through

the motion of its center of mass. However, this seems to produce a much larger

noise-to-signal ratio. We are currently developing new strategies for 3D bacteria

manipulation with holographic optical tweezers that will allow to trap a cell body

along z and subsequently rotate the cell axis to lay it on the focal plane.

5.4.2 Flagella fluorescent labeling

We follow the protocol described in [14] to label fluorescent flagella. Some E.coli

that we have labeled using Alexa Fluor 532 are shown in Fig.5.6. In a sample of

labeled cells, at least 30% of cells appear to be motile. Fluorescence is observed for

almost 10 minutes of constant exposure to excitation light. Our labeling protocol is

still under testing. We are now trying to upgrade this protocol in order to obtain a

higher fraction of motile labelled bacteria.

5.5 Future developments

We are working to improve the fluorescent labeling protocol and the trapping config-

uration. The next step will be to test the trapping using oxygen scavenging system
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Figure 5.4: Two-trap configuration: (a) image of trapped bacterium; (b) angle

between trapping axis and cell axis in time (the red bars denotes the lifetime of

trapped bacteria).
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Figure 5.5: One-trap configuration: (a) the trapped E.coli along the z-axis; (b)

centre of mass vs. time for different E.coli (red bars denote the lifetime of trapped

bacteria).
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(a) (b)

(c)

Figure 5.6: Images of fluorescent E.coli labelled using Alexa Fluor 532 in our labo-

ratories. The cells are illuminated by a green LED.

to increase lifetime and develop a holographic trapping configuration to observe more

bacteria simultaneously. Then, we plan to perform experiments using holographic

optical tweezers to study hydrodynamics interactions between bacterial flagella.
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