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Mouth

Mucus (high Mw polymers) lining to stop pathogen invasion

• Highly conserved amongst all metazoans (higher animals)
• Covers gastrointestinal and respiratory tracks
• Some very dangerous bacteria can penetrate mucus
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Bacteria grow in either planktonic form or as biofilms, which are
attached to either inert or biological surfaces. Both growth forms
are highly relevant states in nature and of paramount scientific
focus. However, interchanges between bacteria in these two
states have been little explored. We discovered that a subpopula-
tion of planktonic bacilli is propelled by flagella to tunnel deep
within a biofilm structure. Swimmers create transient pores that
increase macromolecular transfer within the biofilm. Irrigation of
the biofilm by swimmer bacteria may improve biofilm bacterial
fitness by increasing nutrient flow in the matrix. However, we show
that the opposite may also occur (i.e., swimmers can exacerbate
killing of biofilm bacteria by facilitating penetration of toxic
substances from the environment). We combined these observa-
tions with the fact that numerous bacteria produce antimicrobial
substances in nature. We hypothesized and proved that motile
bacilli expressing a bactericide can also kill a heterologous biofilm
population, Staphylococcus aureus in this case, and then occupy
the newly created space. These findings identify microbial mo-
tility as a determinant of the biofilm landscape and add motility
to the complement of traits contributing to rapid alterations in
biofilm populations.

bacterial ecology | biofilm disruption | motile subpopulations |
antimicrobials | time-lapse confocal imaging

Microbial biofilms constitute the major lifestyle alternative to
planktonic growth and are commonly formed on inert or

living surfaces. In these biological structures, cells are held together
in a 3D organization by self-produced extracellular polymeric
substances (EPSs). EPS composition varies greatly depending on
the biofilm ecosystem but typically contains a mixture of princi-
pally polysaccharides, as well as proteins, nucleic acids, and lipids
(1). This complex mixture of hydrated biomolecules is responsible
for matrix strength and biofilm viscoelastic properties by means
of weak physicochemical interactions (e.g., van der Waals, Lewis
acid–base, and electrostatic interactions; polymers; entanglement
involving flagella or pili) (1). The development of this spatial
organization results in molecular gradients within the matrix of
nutrients, oxygen, and signaling molecules, which generate local
physiological and genetic heterogeneities (2). The matrix can
also act as a “protective shield” against the diffusion and action
of antimicrobials in the bulk of the biofilm (3), thus posing a
serious problem for treatment of biofilm-related infections and
for microbial elimination in industrial settings (4). According to
National Institutes of Health estimates, biofilms account for over
80% of human microbial infections (http://grants.nih.gov/grants/
guide/pa-files/PA-03-047.html).
Biofilms are dynamic structures that may be subject to pop-

ulation shifts in response to microbial composition and environ-
mental conditions. Numerous factors of microbial competitiveness
(e.g., nutritional fitness, resistance, growth rate) may have an im-
pact on both sessile and planktonic populations (5, 6).Other factors
appear to be specific to biofilms (2, 7). Our studies led us to ex-
amine the role of motility, studiedmainly in planktonic populations
to date, on bacterial integrity in biofilms. Bacterial flagella were

previously reported to have a positive role in nascent biofilm mat-
uration and spreading (e.g., Bacillus subtilis, Pseudomonas sp.) (8,
9). However, motile cells in mature biofilms have thus far been
described as arising from a late-stage differentiation event (e.g.,
within hollow voids of Pseudomonas aeruginosa mushroom-like
structures) and being involved in dispersion ofmature biofilms (10).
Here, we report the discovery of highly motile populations

within the entire biofilm matrix of several bacilli and other flagel-
lated bacteria in early stage and mature biofilms. These movements
generate short-lived pores that irrigate the biofilm and facilitate
entry of macromolecules, including antimicrobials. Importantly, we
illustrate how planktonic motile bacteria with high kinetic energy,
such as motile bacilli, can act as invaders, leading to dissolution of
heterologous biofilms and repopulation of the matrix.

Results
Motile Bacteria Generate Pores in the Biofilm Matrix. We examined
biofilm formation by the motile bacterium Bacillus thuringiensis
407. The majority of cells in the biofilm matrix oscillate in a
volume limited to their own cell size (a few micrometers), as
expected for constrained sessile bacteria (11). However, time-
lapse confocal laser microscopy uncovered the existence of mo-
tile subpopulations in the mature biofilm, estimated to represent
between 0.1% and 1% of the total population (Fig. 1 and Movie
S1). Observed movements are flagella-propelled because they were
not detected with flagella-deficient (Δfla) or immobile (ΔmotA)
mutants (Movie S2). Bacteria moved up to 16 μm/s in all
directions, following different paths through the biofilm mass.
Swimming cells passing through the bulk of the biofilm created
transient tunnels that lasted for about 2–5 s, highlighting the
reversible elastic properties of the matrix (1, 12). In addition to
linear movement, rapid circular movements of bacterial chains
generated local dispersion and large transient pores (∼10 μm
diameter), as visible in the still frame from Movie S1 (Fig. 1).
Typical chain rotation frequencies were about 0.2 Hz. The tun-
neling phenomenon was observed in flow cell biofilms as above
and also in a microplate batch system (below), suggesting that flow
of the liquid medium is not compulsory for this phenomenon.
In a second set of experiments, exponential phase GFP-labeled

B. thuringiensis cells were deposited onto unlabeled B. thuringiensis
biofilms. After less than 15 min, fluorescent swimming cells were
visualized at the base of the biofilm (Movie S3). The rapidity of
this event gives strong evidence that the swimmers detected in
biofilms are supplied by the liquid planktonic phase and infiltrate

Author contributions: M.G., S.A., A.G., and R.B. designed research; A.H., M.G., J.D., and
R.B. performed research; M.G., A.G., and R.B. contributed new reagents/analytic tools;
A.H., M.G., J.D., E.T., A.G., and R.B. analyzed data; and A.G. and R.B. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

See Commentary on page 12848.
1To whom correspondence should be addressed. E-mail: romain.briandet@jouy.inra.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1200791109/-/DCSupplemental.

13088–13093 | PNAS | August 7, 2012 | vol. 109 | no. 32 www.pnas.org/cgi/doi/10.1073/pnas.1200791109

Bacterial swimmers that infiltrate and take over the
biofilm matrix
Ali Hourya,b, Michel Gohara,b, Julien Deschampsa,b, Ekaterina Tischenkoa,b, Stéphane Aymericha,b, Alexandra Grussa,b,
and Romain Briandeta,b,1

aINRA (Institut National de la Recherche Agronomique), Micalis Institute (UMR1319), F-78350 Jouy-en-Josas, France; and bAgroParisTech, Micalis Institute
(UMR), F-78350 Jouy-en-Josas, France

Edited* by Richard P. Novick, New York University School of Medicine, New York, NY, and approved June 5, 2012 (received for review January 24, 2012)

Bacteria grow in either planktonic form or as biofilms, which are
attached to either inert or biological surfaces. Both growth forms
are highly relevant states in nature and of paramount scientific
focus. However, interchanges between bacteria in these two
states have been little explored. We discovered that a subpopula-
tion of planktonic bacilli is propelled by flagella to tunnel deep
within a biofilm structure. Swimmers create transient pores that
increase macromolecular transfer within the biofilm. Irrigation of
the biofilm by swimmer bacteria may improve biofilm bacterial
fitness by increasing nutrient flow in the matrix. However, we show
that the opposite may also occur (i.e., swimmers can exacerbate
killing of biofilm bacteria by facilitating penetration of toxic
substances from the environment). We combined these observa-
tions with the fact that numerous bacteria produce antimicrobial
substances in nature. We hypothesized and proved that motile
bacilli expressing a bactericide can also kill a heterologous biofilm
population, Staphylococcus aureus in this case, and then occupy
the newly created space. These findings identify microbial mo-
tility as a determinant of the biofilm landscape and add motility
to the complement of traits contributing to rapid alterations in
biofilm populations.

bacterial ecology | biofilm disruption | motile subpopulations |
antimicrobials | time-lapse confocal imaging

Microbial biofilms constitute the major lifestyle alternative to
planktonic growth and are commonly formed on inert or

living surfaces. In these biological structures, cells are held together
in a 3D organization by self-produced extracellular polymeric
substances (EPSs). EPS composition varies greatly depending on
the biofilm ecosystem but typically contains a mixture of princi-
pally polysaccharides, as well as proteins, nucleic acids, and lipids
(1). This complex mixture of hydrated biomolecules is responsible
for matrix strength and biofilm viscoelastic properties by means
of weak physicochemical interactions (e.g., van der Waals, Lewis
acid–base, and electrostatic interactions; polymers; entanglement
involving flagella or pili) (1). The development of this spatial
organization results in molecular gradients within the matrix of
nutrients, oxygen, and signaling molecules, which generate local
physiological and genetic heterogeneities (2). The matrix can
also act as a “protective shield” against the diffusion and action
of antimicrobials in the bulk of the biofilm (3), thus posing a
serious problem for treatment of biofilm-related infections and
for microbial elimination in industrial settings (4). According to
National Institutes of Health estimates, biofilms account for over
80% of human microbial infections (http://grants.nih.gov/grants/
guide/pa-files/PA-03-047.html).
Biofilms are dynamic structures that may be subject to pop-

ulation shifts in response to microbial composition and environ-
mental conditions. Numerous factors of microbial competitiveness
(e.g., nutritional fitness, resistance, growth rate) may have an im-
pact on both sessile and planktonic populations (5, 6).Other factors
appear to be specific to biofilms (2, 7). Our studies led us to ex-
amine the role of motility, studiedmainly in planktonic populations
to date, on bacterial integrity in biofilms. Bacterial flagella were

previously reported to have a positive role in nascent biofilm mat-
uration and spreading (e.g., Bacillus subtilis, Pseudomonas sp.) (8,
9). However, motile cells in mature biofilms have thus far been
described as arising from a late-stage differentiation event (e.g.,
within hollow voids of Pseudomonas aeruginosa mushroom-like
structures) and being involved in dispersion ofmature biofilms (10).
Here, we report the discovery of highly motile populations

within the entire biofilm matrix of several bacilli and other flagel-
lated bacteria in early stage and mature biofilms. These movements
generate short-lived pores that irrigate the biofilm and facilitate
entry of macromolecules, including antimicrobials. Importantly, we
illustrate how planktonic motile bacteria with high kinetic energy,
such as motile bacilli, can act as invaders, leading to dissolution of
heterologous biofilms and repopulation of the matrix.

Results
Motile Bacteria Generate Pores in the Biofilm Matrix. We examined
biofilm formation by the motile bacterium Bacillus thuringiensis
407. The majority of cells in the biofilm matrix oscillate in a
volume limited to their own cell size (a few micrometers), as
expected for constrained sessile bacteria (11). However, time-
lapse confocal laser microscopy uncovered the existence of mo-
tile subpopulations in the mature biofilm, estimated to represent
between 0.1% and 1% of the total population (Fig. 1 and Movie
S1). Observed movements are flagella-propelled because they were
not detected with flagella-deficient (Δfla) or immobile (ΔmotA)
mutants (Movie S2). Bacteria moved up to 16 μm/s in all
directions, following different paths through the biofilm mass.
Swimming cells passing through the bulk of the biofilm created
transient tunnels that lasted for about 2–5 s, highlighting the
reversible elastic properties of the matrix (1, 12). In addition to
linear movement, rapid circular movements of bacterial chains
generated local dispersion and large transient pores (∼10 μm
diameter), as visible in the still frame from Movie S1 (Fig. 1).
Typical chain rotation frequencies were about 0.2 Hz. The tun-
neling phenomenon was observed in flow cell biofilms as above
and also in a microplate batch system (below), suggesting that flow
of the liquid medium is not compulsory for this phenomenon.
In a second set of experiments, exponential phase GFP-labeled

B. thuringiensis cells were deposited onto unlabeled B. thuringiensis
biofilms. After less than 15 min, fluorescent swimming cells were
visualized at the base of the biofilm (Movie S3). The rapidity of
this event gives strong evidence that the swimmers detected in
biofilms are supplied by the liquid planktonic phase and infiltrate

Author contributions: M.G., S.A., A.G., and R.B. designed research; A.H., M.G., J.D., and
R.B. performed research; M.G., A.G., and R.B. contributed new reagents/analytic tools;
A.H., M.G., J.D., E.T., A.G., and R.B. analyzed data; and A.G. and R.B. wrote the paper.

The authors declare no conflict of interest.

*This Direct Submission article had a prearranged editor.

See Commentary on page 12848.
1To whom correspondence should be addressed. E-mail: romain.briandet@jouy.inra.fr.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1200791109/-/DCSupplemental.

13088–13093 | PNAS | August 7, 2012 | vol. 109 | no. 32 www.pnas.org/cgi/doi/10.1073/pnas.1200791109

Biofilm - covered in thick exopolysaccharide solution



The Standard Model of Bugs in Goo

Experiments

Schneider & Doetsch   
1974

J. Bacteriol.117 696 

Concept

Berg & Turner        
1979

Nature 278 349

Theory

Magariyama & Kudo    
2003

Biophys. J. 83 733 “The speed has a peak.”



EFFECT OF VISCOSITY ON BACTERIAL MOTILITY

at 30 C in a reciprocal shaker (Lab-line Instruments,
Melrose Park, Ill.).
Preparation of viscous suspensions. A 10% (wt/

vol) polyvinylpyrollidone (PVP Nutritional Bio-
chemicals Corp, K-90, molecular weight 360,000)
solution was prepared in TSB or modified Adler
motility buffer (1) (in grams per liter): K2HPO4, 2.28;
KH2PO4, 1.36; ethylenediaminetetraacetic acid,
0.028; and MgSO4 .H2O, 0.12 (pH 7.0). Solutions of
lower viscosities were prepared by serial dilutions of
PVP in TSB or motility buffer. Methyl cellulose
(M-280, 400 cp, Fisher Scientific Co.) was prepared by
making a 1% (wt/vol) solution in motility buffer and
diluting as required. Viscosities were measured with a

modified Ostwald-type viscometer in a water bath at
25 C and were converted to centipoise (cp).

Viscosity experiments. The organisms in the cul-
ture to be observed were centrifuged at 3,000 x g and
resuspended in 7 ml of motility buffer. Immediately
prior to observation, 0.01 ml of this suspension was
mixed with 0.5 ml of viscous solution, and 1 drop from
a Pasteur pipette (approximately 0.05 ml) was placed
on a microscope slide and covered with a no. 2 cover
slip. The edges were sealed with Dow fluid (DC200,
Dow Corning Corp.) to prevent drifting due to evapo-
ration and also to permit a minimal specimen depth.
Motility was generally measured at room temperature
which was monitored and maintained within 1 C over
a range of 19 to 25 C. Experimental temperatures
other than room temperature were attained by use of
a warm stage (Chicago Surgical and Electric Co.).
The microscope slide and preparation were placed on
it and allowed to equilibrate for 5 min before observa-
tions were made.

Motility measurements. Unless noted in the text,
velocity data were obtained by using a 1-inch (2.54-
cm) video tape recorder (Panasonic NV-504) coupled
to a television camera (Concord MTC-21) attached to
a Zeiss II photomicroscope, incorporating a "phase 2"
system (x 40 Neofluar objective lens and a x 10

eyepiece), and illuminated by a 12-V 60-W incandes-
cent lamp. The tape was played back on a monitor
(Electrohome EMV-23AG), and paths of individual
bacteria traced on a transparent plastic sheet were
measured with a calibrated planimeter and replayed
and timed with a 1/100-s stopwatch. The 10 greatest
velocities were used to calculate the average velocity.

Several measurements were made by using "motil-
ity tracks" as developed by Vaituzis and Doetsch (13).
A Zeiss I photomicroscope (x 10 achromatic objective
lens, "phase 3" annular ring in the condenser, and
x3.2 or x6.3 film projection lens) was set up with the
exposure controlled by an electronic timer. Exposures
of 2 to 10 s were made on Tri X film which was
overdeveloped (12 min in Kodak D-76 developer) to
increase the ASA to 1,200. The films were projected on
a screen, and "tracks" were measured with a cali-
brated planimeter.

RESULTS
Effect of viscosity on polarly flagellated

bacteria. The average velocity of the bacteria
was plotted against fluidity, the reciprocal of
the viscosity (Table 2), instead of viscosity,

since the reciprocal function better separated
the experimental viscosities. Pseudomonas
aeruginosa (Fig. 1) was the fastest organism
observed, being recorded at a maximum speed
of 81.4 sm/s. Exact measurement of linear veloc-
ity at this rate was difficult; however, accuracy

TABLE 2. Viscosity of methyl cellulose and PVP
solutions

Solution (wPercent Viscosity FluiditySolution (Wt/voI) (cp) (cp 1)
PVP 0.25 1.17 0.855

0.50 1.66 0.602
0.75 2.06 0.485
1.00 2.50 0.400
1.25 2.82 0.355
1.50 3.38 0.295
1.75 4.09 0.245
2.00 4.65 0.215
2.50 6.46 0.155
3.0 8.36 0.125
4.0 13.2 0.090
5.0 20.2 0.055
7.5 53.7 0.019

10.0 249.0 0.004

Methyl cellulose 0.025 1.69 0.592
0.050 2.08 0.481
0.075 2.30 0.435
0.100 2.62 0.377
0.125 3.06 0.327
0.150 3.25 0.208
0.175 3.92 0.255
0.200 4.51 0.221
0.225 4.71 0.212
0.250 4.85 0.206
0.500 13.17 0.075
0.750 34.64 0.029
1.00 74.73 0.013
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FIG. 1. Effect of viscosity on the average velocity of
the polarly flagellated bacteria, P. aeruginosa (0), S.
serpens (0), and T. jenense (A).
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increased as the organism slowed down in
PVP-buffer solutions above viscosity values of
2.06 cp. Velocity decreased rapidly as viscosity
increased above that at which maximum aver-
age velocity was observed.

Spirillum serpens, when observed by the
motility track method, showed that as viscosity
increased velocity increased to a maximum of
38.5 um/s at a viscosity of 2.5 cp of PVP, but
beyond this value velocity decreased rapidly. T.
jenense, a "giant" bacterium, showed a simi-
larly shaped velocity/viscosity curve despite its
relatively great size.

Effect of viscosity on peritrichously flagel-
lated bacteria (Fig. 2). Bacillus megaterium is
a very difficult organism with which to work. It
is extremely aerobic and, in buffer alone on a
slide under a cover slip, becomes nonmotile
within seconds as the available oxygen is con-
sumed. It did, however, maintain a constant
motility in PVP solutions under a cover slip,
and was evidently obtaining energy for motility
by anaerobically metabolizing the PVP or some
contaminating compound associated with the
PVP. To provide a constant energy source in
excess of requirements, independent of the PVP
concentration, PVP was made up in TSB in-
stead of the motility buffer. The resulting
motility characteristics, as observed under a
cover slip, remained unchanged over a period of
5 min. In contrast to the polarly flagellated
bacteria, B. megaterium has a maximum veloc-
ity at a much greater viscosity (4.7 cp) and
could swim at its initial velocity even in the
solutions of higher viscosity.

Since Serratia marcescens did not require an
externally added energy source to maintain its
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motility, the buffer-PVP viscosity series was
used. The maximum velocity of S. marcescens
occurred at the same viscosity as did B. megate-
rium. Escherichia coli was also tested in the
buffer-PVP system, and, although its maximum
velocity was observed at 1.66 cp, a plateau at
this velocity was observed up to 4.7 cp. The
velocity of Sarcina ureae was measured by
means of the motility track method. Although
its speed is relatively constant up to 6.5 cp, its
maximum velocity (at 1.66 cp) is at a relatively
low viscosity compared to the peritrichous orga-
nisms.
Viscous agent as an energy source. The

observed increases in velocity might be ex-
plained by postulating an increase in energy
input to the flagellum propulsive mechanism. If
a bacterium obtained no energy from the buffer
solution but could metabolize the viscous agent
or some contaminating component, it is possible
that, as the amount of viscous agent increased,
more of the material would be supplied and
thus increase the velocity of the organism.
To investigate the possibility, a series of

dilutions of 10% (wt/vol) PVP was prepared in
both buffer and TSB. The average velocities of
P. aeruginosa in both series were nearly identi-
cal (Fig. 3). Substitution of TSB for buffer had
no effect on the behavior of this organism. In
addition, B. megaterium also was examined in
solutions of PVP made up in TSB, and again
the "increase in velocity phenomenon" was
noted. TSB ought to supply most of the require-
ments for optimum motility, and an adventi-
tious energy source in the viscous agent would
no longer be a limiting factor. It appears that
the increase in velocity observed was not due to

80

- 60
0

40

H

0

- 0

20'i 20
>

0.1 0.3 0.5 0.7 0.9
FLUIDITY (cp-')

FIG. 2. Effect of viscosity on the average velocity of
the peritrichously flagellated bacteria B. megaterium
(A), S. marcescens (0), E. coli (0), and S. ureae ().
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FIG. 3. Effect of viscosity on the average velocity of
P. aeruginosa in dilutions of PVP with phosphate
buffer (A) and PVP with TSB (0).
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The behavior of a number of motile flagellated bacteria toward viscosity
characteristics of their fluid environments was observed. All showed an increase
in velocity (micrometers per second) in more viscous solutions. Velocity reached
a maximum at a characteristic value, however, and thereafter decreased with
higher viscosities. Peritrichously flagellated bacteria had maximum velocities at
higher viscosities than polarly flagellated bacteria. Effects of temperature, and
possible utilization of chemical constituents in the viscous solutions, were
studied and found to be negligible factors under the experimental
conditions used. Different agents produced the same phenomenon, thus indicat-
ing that there probably were no chemically induced metabolic effects. Loss of
available water and the possibility of a variable energy supply to the flagellar
propulsive system were considered but are believed minimal. Theoretically
derived thermodynamic equations were utilized and suggest that the conforma-
tion of the flagellar helix affects efficiency of propulsion. Such a relationship
between helix waveform and velocity was experimentally observed with Thio-
spirillum jenese.

Factors influencing bacterial motility have
ecological implications as motile bacteria may
migrate from one environment to another, and
they have biomedical implications as bacteria
often encounter internal body fluids. There are
only rare instances where one can obtain spe-
cific individual measurements of some bacterial
characteristic, but motility is one biological
property of an individual organism which may
be referred to with a degree of accuracy.

Motile flagellated bacteria move in a fluid
environment, and their swimming characteris-
tics are influenced by viscosity. Up to now the
effects of viscosity on the motion of bacteria
have not been closely examined. Shoesmith (12)
reported that a slight increase in viscosity of a
suspending medium above that of a buffer
solution had the effect of increasing bacterial
velocity, whereas a further increase reduced it.
Existing theoretical hydrodynamic equations
(5, 6, 8, 11), applicable to helical flagellar
waveforms typical of bacteria, do not predict
this phenomenon.
Other motile cells, such as spermatozoa,

which possess a complex flagellum constructed
of nine outer and two core filaments and exhibit
a planar waveform, do not show this velocity
increase with slight increases in viscosity (2).
Obviously, bacterial flagella are analogous, not
homologous, propulsive organelles, and their
responses need not necessarily be those of the
eukaryotic type.

This study was undertaken to confirm and
illuminate viscosity effects on the behavior of
bacteria and to investigate the apparent dis-
crepancy between observed and theoretically
predicted behavior.

MATERIALS AND METHODS
Bacteria studied. Bacteria were selected to pro-

vide a diversity of flagellated morphological types
(Table 1). Thiospirillum jenense, obtained from R. L.
Gherna, was grown in the medium of Pfennig and
Lippert (10). All other bacteria were from the Univer-
sity of Maryland culture collection and were grown in
7-ml amounts of Trypticase soy broth (TSB) from
BBL in screw-top vials (12 by 125 mm) for 12 to 18 h

TABLE 1. Dimensions and types of flagellation
represented by bacteria used

Organism Dimensions Flagllar(Mm)a arrangement

Bacillus megaterium 1.5 x 3.0 Peritrichous
Escherichia coli ........ 0.5 x 1.0 Peritrichous
Pseudomonas aeruginosa 0.5 x 1.5 Polar
Sarcina ureae .......... 2.0 diameter One flagellum/cell"
Serratia marcescens .... 0.5x 1.0 Peritrichous
Spirillum serpens ....... 1.0 x 3.0 Bipolar
Thiospirillumjenense ... 4.0 x 40 Polar

Average measurements of 10 unstained organisms in
phosphate motility buffer, obtained by means of a calibrated
ocular micrometer.

b Occurs in packets of eight cocci with one flagellum per
cell.
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Fluidity = (viscosity)-1, 1 cp-1 = water
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The qualitative explanation ...
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And finally, a theory ...

A Mathematical Explanation of an Increase in Bacterial Swimming Speed
with Viscosity in Linear-Polymer Solutions

Yukio Magariyama* and Seishi Kudo†

*National Food Research Institute, Tsukuba 305-8642, Japan; and †Faculty of Engineering, Toin University of Yokohama, Aoba,
Yokohama 225-8502, Japan

ABSTRACT Bacterial swimming speed is sometimes known to increase with viscosity. This phenomenon is peculiar to
bacterial motion. Berg and Turner (Nature. 278:349–351, 1979) indicated that the phenomenon was caused by a loose,
quasi-rigid network formed by polymer molecules that were added to increase viscosity. We mathematically developed their
concept by introducing two apparent viscosities and obtained results similar to the experimental data reported before.
Addition of polymer improved the propulsion efficiency, which surpasses the decline in flagellar rotation rate, and the
swimming speed increased with viscosity.

INTRODUCTION

Many bacteria swim by rotating their helical flagellar fila-
ments and/or helical cell bodies. It has been reported that
some bacteria swim well in viscous media (Shoesmith,
1960; Schneider and Doetsch, 1974; Kaiser and Doetsch,
1975; Strength et al., 1976; Greenberg and Canale-Parola,
1977a,b). For example, the swimming speed of Pseudomo-
nas aeruginosa (single polar flagellation) in polyvinylpy-
rollidone (PVP) solutions increases with viscosity up to a
characteristic point and thereafter decreases, as shown in
Fig. 1 a (Schneider and Doetsch, 1974). The swimming
speed of Leptospira interrogans (helical cell body without
any external flagella) monotonically increases with viscos-
ity in medium supplemented with methylcellulose until the
viscosity exceeds 300 mPa ! s (Kaiser and Doetsch, 1975).
Other flagellation types of bacteria (Bacillus megaterium,
peritrichous; Escherichia coli, peritrichous; Sarcina ureae,
one flagellum/cell; Serratia marcescens, peritrichous; Spi-
rillum serpens, bipolar; and Thiospirillum jenense, polar)
also exhibit an increase in swimming speed in more viscous
solutions (Schneider and Doetsch, 1974). No effect of tem-
perature or buffer composition on the phenomenon was
detected and different viscous agents, PVP and methylcel-
lulose, produced a similar phenomenon (Schneider and
Doetsch, 1974).
No such phenomena have been reported in larger organ-

isms, and the traditional theories for bacterial motion predict
that the swimming speed monotonically decreases with
viscosity (Holwill and Burge, 1963; Chwang and Wu, 1971;
Azuma, 1992; Ramia et al., 1993) (see Fig. 1 b).
Berg and Turner (1979) suggested that the above-men-

tioned phenomenon is caused by loose and quasi-rigid net-
works consisting of long, linear polymer molecules such as

PVP and methylcellulose (e.g., see the textbook by Strobl,
1997), and recommended Ficoll, which is a highly branched
polymer, as a simple means of increasing the viscosity. This
suggestion has guided many researchers in the experimental
analysis of bacterial motion. However, they did not express
it mathematically, and no quantitative analysis based on the
suggestion has been made.
In this study we interpreted the suggestion by Berg and

Turner and mathematically developed it with regard to the
motion of a single-polar-flagellated bacterium such as P.
aeruginosa and Vibrio alginolyticus. In addition, we
showed that the obtained equations quantitatively explained
the peculiar phenomenon of bacterial motion in polymer
solutions.

RESULTS

Introduction of two apparent viscosities

Our purpose is to mathematically develop the suggestion
by Berg and Turner (1979). Their suggestions are as
follows: 1) solutions of long linear polymers are highly
structured (gel-like); 2) the solute forms a loose, quasi-
rigid network easily penetrated by particles of micro-
scopic size; 3) the network can exert forces normal to a
segment of a slender body; and 4) therefore, traditional
hydrodynamic treatments do not apply to the motion of
microorganisms (or of cilia and flagella) in solutions
containing viscous agents.
Fig. 2 a is a schematic drawing expressing their sug-

gestion. It is assumed that the length of a slender body
such as a bacterial flagellar filament is much larger than
the mesh size of a polymer network, and that the motion
of the slender body is faster than the polymer network.
Consequently, the network exerts force on an element of
the slender body mainly in the normal direction. In other
words, the network forms a virtual tube around the
slender body, and the body moves easily in the tube, but
with difficulty outside the tube. This idea is almost the
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ABSTRACT Bacterial swimming speed is sometimes known to increase with viscosity. This phenomenon is peculiar to
bacterial motion. Berg and Turner (Nature. 278:349–351, 1979) indicated that the phenomenon was caused by a loose,
quasi-rigid network formed by polymer molecules that were added to increase viscosity. We mathematically developed their
concept by introducing two apparent viscosities and obtained results similar to the experimental data reported before.
Addition of polymer improved the propulsion efficiency, which surpasses the decline in flagellar rotation rate, and the
swimming speed increased with viscosity.
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it mathematically, and no quantitative analysis based on the
suggestion has been made.
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showed that the obtained equations quantitatively explained
the peculiar phenomenon of bacterial motion in polymer
solutions.
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Our purpose is to mathematically develop the suggestion
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structured (gel-like); 2) the solute forms a loose, quasi-
rigid network easily penetrated by particles of micro-
scopic size; 3) the network can exert forces normal to a
segment of a slender body; and 4) therefore, traditional
hydrodynamic treatments do not apply to the motion of
microorganisms (or of cilia and flagella) in solutions
containing viscous agents.
Fig. 2 a is a schematic drawing expressing their sug-

gestion. It is assumed that the length of a slender body
such as a bacterial flagellar filament is much larger than
the mesh size of a polymer network, and that the motion
of the slender body is faster than the polymer network.
Consequently, the network exerts force on an element of
the slender body mainly in the normal direction. In other
words, the network forms a virtual tube around the
slender body, and the body moves easily in the tube, but
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Equations of motion

Fc ! Ff " 0 (1)

Tc # Tm " 0 (2)

Tf ! Tm " 0 (3)

Drag force and torque acting on a cell body

Fc " $c% (4)

Tc " &c'c (5)

Drag force and torque acting on a flagellar filament

Ff " $f% ! (f'f (6)

Tf " (f% ! &f'f (7)

Torque generated by a flagellar motor

Tm " T0!1#
'f # 'c

'0
" (8)

The actual motor torque has been reported to be approxi-
mately constant up to a knee rotation rate, and then mono-
tonically decrease with rotation rate (Berg, 2000; Ryu et al.,
2000; Chen and Berg, 2000). To simplify the analysis, we

assumed that the motor torque decreased linearly with the
motor rotation rate because the motor of a free-swimming
cell is considered to rotate faster than the knee rate. Under
the assumption of a constant motor torque, the following
argument and the result were also valid except for slight
numerical differences.
Simultaneous equations 1–8 were analytically solved as

follows.

% " K0&c(f (9)

'f " !K0"$c&c ! $f&c# (10)

'c " K0"$c&f ! $f&f # (f
2# (11)

K0 " 1#$&c"$c&f ! $f&f # (f
2#

T0

#
$c&c ! $c&f ! $f&c ! $f&f # (f

2

'0
% (12)

Assuming that the shape of a cell body is a spheroid, the
drag coefficients, $c and &c, are formulated by viscosity and
cell shape in traditional low-Reynolds-number hydrody-
namics (Happel and Brenner, 1973). In a polymer solution
(Fig. 2 b) the viscosity, ), in $c should be modified to )*N
because a virtual space around the cell body moves as the
cell body moves translationally, i.e., the polymer network

FIGURE 2 Motion model of free-swimming bacterial cell based on the modified RFT proposed in this study. (a) Schematic drawing expressing the
concept of apparent viscosity for a slender body. (b) Schematic drawing expressing the concept of apparent viscosity for a spheroid body. (c) The force
acting on a flagellar element ds. dFT and dFN are tangential and normal components of force acting on ds. * is the pitch angle of the flagellar helix. (d)
The forces acting on a cell body and a flagellar filament. The symbols used here are defined in Table 1.
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same as the “reptation model” in polymer physics
(Strobl, 1997).
The simplest way to express the idea mathematically is

to introduce two apparent viscosities, !*T and !*N, refer-
ring to the motions of a microscopic body in the tangen-
tial and normal directions to the surface of the body.
When a microscopic body moves in the virtual space that
is surrounded with the polymer network, !*T is assumed.
Conversely, !*N is assumed when the body goes outside
the virtual space; in other words, when the polymer
network must be reconstructed as the virtual space is
moving. For example, when a microscopic sphere with
radius a moves at a speed of " in a polymer solution, the
drag force is assumed to be !6#!*Na" because the sphere
moves to the outside of the original virtual space (see Fig.
2 b). In contrast, when the same sphere rotates at a rate of
$, the drag torque is assumed to be !8#!*Ta3$ because
the motion is in the virtual space. When a solution does
not contain any polymer molecules, !*N equals !*T and
traditional hydrodynamics is valid. As the polymer con-
centration increases, the network becomes denser and the
ratio of !*N to !*T becomes larger.

Mathematical expression of a modified resistive
force theory

The following simple idea has often been adopted to obtain
hydrodynamic force acting on a moving helix (Fig. 2 c). 1)
The hydrodynamic force and torque acting on the whole
helix can be obtained by integrating the force acting on a
small element of the helix; 2) the force acting on the
element is a composition of forces in the directions parallel
and perpendicular to the element.
The original idea was adopted mainly for analyzing the

motion of spermatozoa (Hancock, 1953; Gray and Han-
cock, 1955). Holwill and Burge (1963) applied it to the
motion of flagellated bacteria, and the method is pres-
ently called resistive force theory (RFT). To derive a new
theory of bacterial motion in a polymer solution, we
modify the traditional RFT using apparent viscosities !*T
and !*N.
The mathematical expression of the traditional RFT is

summarized as follows (Magariyama et al., 1995). Here, the
object is a bacterial cell that has a single-polar flagellum
such as P. aeruginosa and V. alginolyticus, and the symbols
are summarized in Table 1 (see also Fig. 2 d).

ming speed. Bacterial species is Pseudomonas aeruginosa and viscous
agent is polyvinylpyrollidone. The data by Schneider and Doetsch (1974)
are redrawn. (b) Calculated swimming speeds as a function of viscosity. (c)
Calculated flagellar rotation rates. (d) Calculated "-f ratios. In b, c, and d,
thick (thin) lines refer to the modified (traditional) RFT. Values in Table 1
were used in the calculation.

FIGURE 1 Bacterial swimming speeds, flagellar rotation rates, and "-f
ratios as a function of viscosity. (a) Experimental data of bacterial swim-
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EFFECT OF VISCOSITY ON BACTERIAL MOTILITY

at 30 C in a reciprocal shaker (Lab-line Instruments,
Melrose Park, Ill.).
Preparation of viscous suspensions. A 10% (wt/

vol) polyvinylpyrollidone (PVP Nutritional Bio-
chemicals Corp, K-90, molecular weight 360,000)
solution was prepared in TSB or modified Adler
motility buffer (1) (in grams per liter): K2HPO4, 2.28;
KH2PO4, 1.36; ethylenediaminetetraacetic acid,
0.028; and MgSO4 .H2O, 0.12 (pH 7.0). Solutions of
lower viscosities were prepared by serial dilutions of
PVP in TSB or motility buffer. Methyl cellulose
(M-280, 400 cp, Fisher Scientific Co.) was prepared by
making a 1% (wt/vol) solution in motility buffer and
diluting as required. Viscosities were measured with a

modified Ostwald-type viscometer in a water bath at
25 C and were converted to centipoise (cp).

Viscosity experiments. The organisms in the cul-
ture to be observed were centrifuged at 3,000 x g and
resuspended in 7 ml of motility buffer. Immediately
prior to observation, 0.01 ml of this suspension was
mixed with 0.5 ml of viscous solution, and 1 drop from
a Pasteur pipette (approximately 0.05 ml) was placed
on a microscope slide and covered with a no. 2 cover
slip. The edges were sealed with Dow fluid (DC200,
Dow Corning Corp.) to prevent drifting due to evapo-
ration and also to permit a minimal specimen depth.
Motility was generally measured at room temperature
which was monitored and maintained within 1 C over
a range of 19 to 25 C. Experimental temperatures
other than room temperature were attained by use of
a warm stage (Chicago Surgical and Electric Co.).
The microscope slide and preparation were placed on
it and allowed to equilibrate for 5 min before observa-
tions were made.

Motility measurements. Unless noted in the text,
velocity data were obtained by using a 1-inch (2.54-
cm) video tape recorder (Panasonic NV-504) coupled
to a television camera (Concord MTC-21) attached to
a Zeiss II photomicroscope, incorporating a "phase 2"
system (x 40 Neofluar objective lens and a x 10

eyepiece), and illuminated by a 12-V 60-W incandes-
cent lamp. The tape was played back on a monitor
(Electrohome EMV-23AG), and paths of individual
bacteria traced on a transparent plastic sheet were
measured with a calibrated planimeter and replayed
and timed with a 1/100-s stopwatch. The 10 greatest
velocities were used to calculate the average velocity.

Several measurements were made by using "motil-
ity tracks" as developed by Vaituzis and Doetsch (13).
A Zeiss I photomicroscope (x 10 achromatic objective
lens, "phase 3" annular ring in the condenser, and
x3.2 or x6.3 film projection lens) was set up with the
exposure controlled by an electronic timer. Exposures
of 2 to 10 s were made on Tri X film which was
overdeveloped (12 min in Kodak D-76 developer) to
increase the ASA to 1,200. The films were projected on
a screen, and "tracks" were measured with a cali-
brated planimeter.

RESULTS
Effect of viscosity on polarly flagellated

bacteria. The average velocity of the bacteria
was plotted against fluidity, the reciprocal of
the viscosity (Table 2), instead of viscosity,

since the reciprocal function better separated
the experimental viscosities. Pseudomonas
aeruginosa (Fig. 1) was the fastest organism
observed, being recorded at a maximum speed
of 81.4 sm/s. Exact measurement of linear veloc-
ity at this rate was difficult; however, accuracy

TABLE 2. Viscosity of methyl cellulose and PVP
solutions

Solution (wPercent Viscosity FluiditySolution (Wt/voI) (cp) (cp 1)
PVP 0.25 1.17 0.855

0.50 1.66 0.602
0.75 2.06 0.485
1.00 2.50 0.400
1.25 2.82 0.355
1.50 3.38 0.295
1.75 4.09 0.245
2.00 4.65 0.215
2.50 6.46 0.155
3.0 8.36 0.125
4.0 13.2 0.090
5.0 20.2 0.055
7.5 53.7 0.019

10.0 249.0 0.004

Methyl cellulose 0.025 1.69 0.592
0.050 2.08 0.481
0.075 2.30 0.435
0.100 2.62 0.377
0.125 3.06 0.327
0.150 3.25 0.208
0.175 3.92 0.255
0.200 4.51 0.221
0.225 4.71 0.212
0.250 4.85 0.206
0.500 13.17 0.075
0.750 34.64 0.029
1.00 74.73 0.013
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FIG. 1. Effect of viscosity on the average velocity of
the polarly flagellated bacteria, P. aeruginosa (0), S.
serpens (0), and T. jenense (A).
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increased as the organism slowed down in
PVP-buffer solutions above viscosity values of
2.06 cp. Velocity decreased rapidly as viscosity
increased above that at which maximum aver-
age velocity was observed.

Spirillum serpens, when observed by the
motility track method, showed that as viscosity
increased velocity increased to a maximum of
38.5 um/s at a viscosity of 2.5 cp of PVP, but
beyond this value velocity decreased rapidly. T.
jenense, a "giant" bacterium, showed a simi-
larly shaped velocity/viscosity curve despite its
relatively great size.

Effect of viscosity on peritrichously flagel-
lated bacteria (Fig. 2). Bacillus megaterium is
a very difficult organism with which to work. It
is extremely aerobic and, in buffer alone on a
slide under a cover slip, becomes nonmotile
within seconds as the available oxygen is con-
sumed. It did, however, maintain a constant
motility in PVP solutions under a cover slip,
and was evidently obtaining energy for motility
by anaerobically metabolizing the PVP or some
contaminating compound associated with the
PVP. To provide a constant energy source in
excess of requirements, independent of the PVP
concentration, PVP was made up in TSB in-
stead of the motility buffer. The resulting
motility characteristics, as observed under a
cover slip, remained unchanged over a period of
5 min. In contrast to the polarly flagellated
bacteria, B. megaterium has a maximum veloc-
ity at a much greater viscosity (4.7 cp) and
could swim at its initial velocity even in the
solutions of higher viscosity.

Since Serratia marcescens did not require an
externally added energy source to maintain its
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motility, the buffer-PVP viscosity series was
used. The maximum velocity of S. marcescens
occurred at the same viscosity as did B. megate-
rium. Escherichia coli was also tested in the
buffer-PVP system, and, although its maximum
velocity was observed at 1.66 cp, a plateau at
this velocity was observed up to 4.7 cp. The
velocity of Sarcina ureae was measured by
means of the motility track method. Although
its speed is relatively constant up to 6.5 cp, its
maximum velocity (at 1.66 cp) is at a relatively
low viscosity compared to the peritrichous orga-
nisms.
Viscous agent as an energy source. The

observed increases in velocity might be ex-
plained by postulating an increase in energy
input to the flagellum propulsive mechanism. If
a bacterium obtained no energy from the buffer
solution but could metabolize the viscous agent
or some contaminating component, it is possible
that, as the amount of viscous agent increased,
more of the material would be supplied and
thus increase the velocity of the organism.
To investigate the possibility, a series of

dilutions of 10% (wt/vol) PVP was prepared in
both buffer and TSB. The average velocities of
P. aeruginosa in both series were nearly identi-
cal (Fig. 3). Substitution of TSB for buffer had
no effect on the behavior of this organism. In
addition, B. megaterium also was examined in
solutions of PVP made up in TSB, and again
the "increase in velocity phenomenon" was
noted. TSB ought to supply most of the require-
ments for optimum motility, and an adventi-
tious energy source in the viscous agent would
no longer be a limiting factor. It appears that
the increase in velocity observed was not due to
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FIG. 2. Effect of viscosity on the average velocity of
the peritrichously flagellated bacteria B. megaterium
(A), S. marcescens (0), E. coli (0), and S. ureae ().
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FIG. 3. Effect of viscosity on the average velocity of
P. aeruginosa in dilutions of PVP with phosphate
buffer (A) and PVP with TSB (0).
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rial parameters and water viscosity fixed to those in Table 1.
The obtained equation is

!peak " !1.5# 10190T0 $ 3.8# 10169%0 $ 7.6# 10172

# "2.7# 1036T02 $ 7.5# 1015T0%0

$ 7.9# 10#7%0
2$1/2%

# "3.3# 10193T0 $ 8.7# 10172%0$
#1 (28)

and !peak as a function of T0 and %0 is shown in Fig. 3 b.
With decreasing T0 or increasing %0, !peak decreased; that
is, the peak position shifted toward the low viscosity, sug-
gesting it become harder to detect the peak of swimming
speed experimentally because the peak position becomes
near or below the water viscosity. The exact torque charac-
teristics of the V. alginolyticus motor, however, have not
been measured, especially the change with sodium concen-
tration. To confirm the validity of the present model further,
it is desired to obtain such information.

DISCUSSION

The suggestion by Berg and Turner (1979) was mathemat-
ically expressed by introducing two apparent viscosities into
the traditional RFT, and the peculiar phenomenon was suc-
cessfully interpreted. The peak-position shift in swimming
speed of V. alginolyticus with the sodium concentration was
also explained, assuming that %0 decreased with the con-
centration.
The following observations have been reported about the

motions of microscopic bodies in polymer solutions.

• The diffusion and sedimentation of microspheres in poly-
mer solutions generally follow “Stokes-Einstein behav-
ior,” i.e., f & #6&!*transa, where f is a modified Stokes
friction factor, a is the radius of the sphere, and !*trans is
the effective viscosity that is dependent on the concen-
tration, molecular weight and morphology of the poly-
mer, the sphere size, and so on (Kluijtmans, et al., 2000;
Turner and Hallett, 1976; Yang and Jamieson, 1988;
Brown and Rymden, 1988; Phillies et al., 1989; Onyen-
emezu et al., 1993; Bu and Russo, 1994);

• The rotations of bacterial tethered cell in methylcellulose
solutions are faster than those in Ficoll solutions at the
same viscosities (Berg and Turner, 1979). The measure-
ment of the rotational Brownian motion of globular pro-
teins in dextran solutions indicates that the effective
viscosity is expressed as !*rot & !0(!/!0)q, where ! and
!0 are the macroviscosities of polymer solution and
water as mentioned above, and q is smaller than unity
and is distinctly polymer- and protein-dependent (Laval-
ette et al., 1999).

Generally, !*trans and !*rot have different values in polymer
solutions. In other words, these observations indicate that a

motion of a microscopic body in a polymer solution can be
decomposed into two kinds of motions to which the Stokes-
Einstein expression applies using the respective apparent
viscosities. Of course, our assumption and/or deduced re-
sults should be experimentally verified in the next stage
because the above reports are not direct evidence of two
effective viscosities.
The modified RFT predicted an increase in the '-f ratio

(improvement of propulsion efficiency) with viscosity
(polymer concentration) while the calculated '-f ratio based
on the traditional RFT was constant. To examine the valid-
ity of the modified RFT, we can simultaneously measure
flagellar rotation rates and swimming speeds in polymer
solutions. Such experiments in solutions containing no vis-
cous agents have been carried out by using laser dark-field
microscopy (LDM) (Kudo et al., 1990; Magariyama et al.,
1995, 2001). We are planning to measure the '-f ratio in
polymer solutions by LDM.
The apparent viscosities depend on the characteristics of

the polymer network, which are affected by the properties of
the polymer such as the length (molecular weight), the
morphology (linear or spherical), and the interaction be-
tween the molecules. Although the motion of a microscopic
slender body in the tangential direction was not assumed to
be affected by the polymer network in this study, the actual
motion must be affected by the network because it moves to
some degree. In addition, although we assumed that the
change in sodium concentration altered only the motor
torque, it may affect the characteristics of the polymer
network as well. It is necessary to determine theoretically
and/or experimentally how the hydrodynamic force acting
on a flagellar element depends on the properties of a poly-
mer in addition to the concentration.
To determine the values of apparent viscosities, we must

estimate the hydrodynamic forces acting on a microscopic
slender body in the normal and tangential directions. A
conceivable experimental way is to measure the Brownian
motion of a microscopic slender body in polymer solutions
and determine its diffusion constants in the normal and
tangential directions. We are planning to measure the
Brownian motion of straight flagellar filaments or particles
of tobacco mosaic virus (TMV) in polymer solutions and
estimate the two apparent viscosities.
Most bacterial cells live in sticky conditions, e.g., sur-

faces of other organisms and biofilm, rather than in mobile
liquids, e.g., marine water. In other words, they are usually
living in various polymer solutions. The modified RFT
indicates that a long, thin, helical shape is suitable for
maintaining its swimming speed in viscous conditions con-
taining polymer molecules because of the improved propul-
sion efficiency. The propulsion system of spirochetes, in
which a helical or flat-sine wave of the cell body moves
backward, may be an ultimate mechanism for swimming in
highly viscous conditions.

738 Magariyama and Kudo
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Fig. S1. Normalised swimming speed v̄ (black continuous), body rotational speed ⌦ (red long-dashed), and flagella rotational speed ! (green short-dashed) versus viscosity
according to Magariyama and Kudo [1].
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Repeat experiments using new high-throughput techniques

Differential dynamic microscopy (DDM) → v
Dark-field fluctuation microscopy → Ω

Schneider & Doetsch: average over 10 cells in 2D
We average over ~ 104 cells in 3D 2 mins

Wilson PRL (2011)
Martinez Biophys J (2012)

closely with the ISFs obtained from fitting the experimental
data using a Schulz distribution (Fig. S2 a).

We fitted the data satisfactorily irrespective of whether
bright-field, phase-contrast, or fluorescence imaging was
used. However, phase-contrast imaging shows a better
signal/noise ratio, AðqÞ=BðqÞ. Changing AðqÞ and BðqÞ by
using a 20# phase-contrast objective (which is suboptimal
for our experiment) produced the same results in the rele-
vant q range (data not shown).

Tracking results

Fig. 5 a shows the probability density of the track diagnos-
tics ðNc; hjqjiÞ (see above). Recall that ðNc; hjqjiÞ ¼ ð1; 0Þ
for straight swimming and ð0;p=2Þ for Brownian diffusion.
Although two clear maxima corresponding to diffusion and
(nearly straight) swimming are observed, there is a substan-
tial statistical weight of tracks with intermediate ðNc; hjqjiÞ
values. The actual distribution obtained depends on Dt, the
elementary time interval into which we segment trajectories.
Our optimal choice, Dt ¼ 0:1 s, over which the average
swimming distance isz1 pixel, gave the most sharply sepa-
rated peaks. However, the motile and NM populations are
still not cleanly separated in our ðNc; hjqjiÞ data (Fig. 5 a).
We therefore select various populations of motile and NM
cells by including tracks with ðNc; hjqjiÞ values within pro-
gressively larger circles centered on their respective peaks in
the ðNc; hjqjiÞ space. The radius of the circle (ε) is measured

in units such that the ð0%Nc%1; 0%hjqji%p=2Þ space in
Fig. 5 a is a 10# 10 rectangle.

For motile cells, we determined PðvÞ at each ε by calcu-
lating the speed, v ¼ hDr2DðtÞ=tiT , for each trajectory,
averaged over the trajectory duration, T, for various t. The
limit t/0 gives the instantaneous linear speed. In practice,
the lowest reasonable t is set by Dt ¼ 0:1 s. Fig. 5 b shows
PðvÞ at ε ¼ 3 for t ¼ 0:1 s and 0.4 s, and Fig. 5 c shows v
and s of PðvÞ for t ¼ 0:1 s and t ¼ 1 s. Unsurprisingly, v
decreases with ε as progressively more nonideal swimming
tracks are included (first more curved trajectories and then,
at larger ε, some diffusive ones). Thus, certain ambiguities
in the motility characterization arise with the use of
tracking. It was also not possible to extract a value for a reli-
ably, due to the strong dependence on ε.

However, the results for the other motility parameters
show reasonable agreement with DDM (Fig. 4). In partic-
ular, using ðDt; tÞ ¼ ð0:1s; 0:1sÞ (Fig. 5 c), and averaging
over all ε, v ¼ 10:750:3mm=s and s ¼ 5:150:1mm=s.
The mean speed vε for each ε is also consistent with the
MSD of the swimmers (Fig. 5 e). The measured PðvÞ
depends on t; for example, some fast swimmers will not
be tracked for large t unless they are perfectly aligned
with the image plane, whereas for very short t the 2D
projection will contribute to PðvÞ at small v (see above).
Yet, for t % 0:1& 0:2 s, our measured PðvÞ shows broad
agreement with the Schulz distribution inferred from

a

b

c

d

e

FIGURE 5 TrackingofSWE. coli. (a) ProbabilityPðNc; hjqjiÞ (Dt ¼ 0:1 s)
for all tracks. White denotes large values of P. Circles (radius ε, see text) are
selection criteria for motile (red, lower right) or NM (green, upper left)
cells. (b) PðvÞ for 3¼ 3 (Dt ¼ 0:1 s) for two time lags t. Dashed line:
Schulz distribution from DDM. (c) v ð-Þ and s (C) of PðvÞ versus ε for
t ¼ 0:1 s (solid symbols) and t ¼ 1 s (open symbols). (d) Diffusion coeffi-
cient of NM cells versus ε, from Gaussian fits to PðDxNMðtÞÞ ð-Þ and
linear fits to the MSD ð,Þ. (e) MSD versus t for motile ð-Þ and NM cells
(C) for 3¼ 3, Dt ¼ 0:1 s. Solid line: Motile MSD calculated using v 3¼3

from panel c. Dashed line: NM MSD calculated using Dg; 3¼3 from panel d.
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FIGURE 4 SW E. coli. Fitting parameters versus q using Eqs. 2, 4, and 6.
From top to bottom: v and s of the Schulz distribution, motile fraction a,
diffusivity D, and AðqÞ (B) and BðqÞ ð,Þ. Horizontal lines are results
from tracking, with thickness corresponding to the error bars. No reliable
value for a could be obtained from tracking.
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of ⇡ 3 � 5 mPa.s (⇡ 300 � 700 mPa.s) at 1 wt.% (10 wt.%)
in water. SD’s viscosities at 1 and 10 wt.% (2.5 and 249 Pa.s
respectively) are lower than expected. Re-graphing their low-
c data points as Huggins and Kraemer plots [17] suggest that
their lowest c point is inaccurate. Discarding this point allows
us to deduce c⇤ ⇡ 0.95 wt% (see online SI for details). Refer-
ence to our c⇤ values (see below) suggests that SD’s PVP360
had lower molecular weight than modern standards [20], which
is consistent with their viscosities being lower than expected.

We used four PVPs purchased from Sigma Aldrich for our
work, with stated average molecular weights of M ⇠ 10 kD (no
K-number given), 40 kD (K-30), 160 kD (K-60) and 360 kD
(K-90). We have characterised all four polymers by measuring
their low-shear viscosity in motility bu↵er as a function of con-
centration. For K-90 at 1 and 10 wt.%, ⌘ ⇡ 4 and 370 mPa.s,
agreeing well with the published standards [20]. Re-graphing
each ⌘(c) data set as Huggins and Kraemer plots, we extracted
the intrinsic viscosity, [⌘], whose reciprocal gives the overlap
concentration [17], c⇤ = 0.55 ± 0.001, 1.4 ± 0.02, 3.8 ± 0.1 and
9.5 ± 0.5 wt.% (in order of decreasing M). We find, as ex-
pected, that [⌘] ⇠ Ma [17], with a ⇡ 0.8. Since [⌘] ⇠ r3/M ,
where r3 is the coil volume, r / M⌫ with ⌫ ⇡ 0.6 for our
PVPs. For a linear polymer in a good solvent, we expect
⌫ = 0.588. Static light scattering in water gave Mw ⇡ 840 kD
for our PVP360, well within the expected range [20], and
rg = 56 nm. (See online SI for all characterisation details.)

µ
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π
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Fig. 2. Swimming speed v̄ (black circles) and body rotation frequency ⌦̄/2⇡
(red squares) of E. coli vs. concentration (in weight percent) of native PVP of four
molecular weights. The stars (blue) in (d) are results from SD [14]. Label (a), (b)
. . . v̄ and ⌦̄ labels!

Results
We characterised the motility of E. coli in polymer solutions
using two new high-throughput methods. Di↵erential dy-
namic microscopy (DDM), which involves correlating Fourier-
transformed images in time, delivers the mean, v̄, and stan-
dard deviation, �v, of the swimming speed distribution, the
fraction of motile bacteria ↵m, and the di↵usion coe�cient
of the non-motile organisms, D [21, 22]. In dark-field flicker
microscopy (DFM), we average the power spectrum of the

flickering dark-field image of individual swimmers to obtain
the mean, ⌦̄, and standard deviation, �

⌦

, of the distribu-
tion of body rotation (angular) speeds [23]. More details of
both techniques can be found in Materials & Methods and in
the online SI. Cells suspended in a phosphate motility bu↵er
(which is devoid of any energy source) were mixed with poly-
mer solution in bu↵er to reach final desired concentrations,
and loaded into sealed capillaries for DDM and DFM. The
concentration of cells were low enough to avoid any cell-cell in-
teraction, including polymer-induced ‘depletion’ aggregation
[24] – the absence of the latter being confirmed by microscopy.
Separate experiments confirmed that oxygen depletion is neg-
ligible over the duration of the measurements.

Native polymer.Figure 2(a) shows v̄ and ⌦̄ versus polymer
concentration, c, for as-bought, or native, PVP360k. While
⌦̄(c) decays monotonically, a peak is observed in v̄ at c ⇡
0.5wt%, or roughly c⇤ for this molecular weight. The latter
ostensibly reproduces SD’s observations [14] – their data are
also plotted in 2(a). In native PVP160k, Fig. 2(a), the peak in
v̄(c) broadens, and now there is a corresponding broad peak in
⌦̄(c) as well. These peaks broaden out into plateaux for native
PVP40k and PVP10k, Fig. 2(c), (d). We also performed ex-
periment with native Ficoll with manufacturer quoted molec-
ular weights of 70k and 400k, and observed non-monotonic,
broadly peaked responses in v̄(c) and ⌦̄(c) (Fig. S?).

Fig. 3. Normalised swimming speed v̄/v̄
0

(black circles) and body angular speed
⌦̄/⌦̄

0

(red squares) vs. dialysed PVP concentration (in weight percent) at four
molecular weights, with v̄

0

⇡ 15µm/s and ⌦̄
0

⇡ 20Hz. The blue stars in
(a) are the swimming speeds from SD [14] normalised to the values at their lowest
polymer concentration. label (a), (b), . . . vertical axes labels

Dialysed polymers. The initial rise in v̄ and ⌦̄ upon addition of
native polymers are somewhat reminiscent of the way swim-
ming speed of E. coli rises upon adding small-molecule car-
bon sources such as glycerol (see the example of glycerol in
Fig. S?): cells take up and metabolise the carbon sources
to increase the proton motive force and therefore their swim-
ming speed. PVP is highly e�cient in complexing with vari-
ous small molecules [20]. We therefore cleaned the as-bought,
native polymers by repeated dialysis using membranes that
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of ⇡ 3 � 5 mPa.s (⇡ 300 � 700 mPa.s) at 1 wt.% (10 wt.%)
in water. SD’s viscosities at 1 and 10 wt.% (2.5 and 249 Pa.s
respectively) are lower than expected. Re-graphing their low-
c data points as Huggins and Kraemer plots [17] suggest that
their lowest c point is inaccurate. Discarding this point allows
us to deduce c⇤ ⇡ 0.95 wt% (see online SI for details). Refer-
ence to our c⇤ values (see below) suggests that SD’s PVP360
had lower molecular weight than modern standards [20], which
is consistent with their viscosities being lower than expected.

We used four PVPs purchased from Sigma Aldrich for our
work, with stated average molecular weights of M ⇠ 10 kD (no
K-number given), 40 kD (K-30), 160 kD (K-60) and 360 kD
(K-90). We have characterised all four polymers by measuring
their low-shear viscosity in motility bu↵er as a function of con-
centration. For K-90 at 1 and 10 wt.%, ⌘ ⇡ 4 and 370 mPa.s,
agreeing well with the published standards [20]. Re-graphing
each ⌘(c) data set as Huggins and Kraemer plots, we extracted
the intrinsic viscosity, [⌘], whose reciprocal gives the overlap
concentration [17], c⇤ = 0.55 ± 0.001, 1.4 ± 0.02, 3.8 ± 0.1 and
9.5 ± 0.5 wt.% (in order of decreasing M). We find, as ex-
pected, that [⌘] ⇠ Ma [17], with a ⇡ 0.8. Since [⌘] ⇠ r3/M ,
where r3 is the coil volume, r / M⌫ with ⌫ ⇡ 0.6 for our
PVPs. For a linear polymer in a good solvent, we expect
⌫ = 0.588. Static light scattering in water gave Mw ⇡ 840 kD
for our PVP360, well within the expected range [20], and
rg = 56 nm. (See online SI for all characterisation details.)
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Fig. 2. Swimming speed v̄ (black circles) and body rotation frequency ⌦̄/2⇡
(red squares) of E. coli vs. concentration (in weight percent) of native PVP of four
molecular weights. The stars (blue) in (d) are results from SD [14]. Label (a), (b)
. . . v̄ and ⌦̄ labels!

Results
We characterised the motility of E. coli in polymer solutions
using two new high-throughput methods. Di↵erential dy-
namic microscopy (DDM), which involves correlating Fourier-
transformed images in time, delivers the mean, v̄, and stan-
dard deviation, �v, of the swimming speed distribution, the
fraction of motile bacteria ↵m, and the di↵usion coe�cient
of the non-motile organisms, D [21, 22]. In dark-field flicker
microscopy (DFM), we average the power spectrum of the

flickering dark-field image of individual swimmers to obtain
the mean, ⌦̄, and standard deviation, �

⌦

, of the distribu-
tion of body rotation (angular) speeds [23]. More details of
both techniques can be found in Materials & Methods and in
the online SI. Cells suspended in a phosphate motility bu↵er
(which is devoid of any energy source) were mixed with poly-
mer solution in bu↵er to reach final desired concentrations,
and loaded into sealed capillaries for DDM and DFM. The
concentration of cells were low enough to avoid any cell-cell in-
teraction, including polymer-induced ‘depletion’ aggregation
[24] – the absence of the latter being confirmed by microscopy.
Separate experiments confirmed that oxygen depletion is neg-
ligible over the duration of the measurements.

Native polymer.Figure 2(a) shows v̄ and ⌦̄ versus polymer
concentration, c, for as-bought, or native, PVP360k. While
⌦̄(c) decays monotonically, a peak is observed in v̄ at c ⇡
0.5wt%, or roughly c⇤ for this molecular weight. The latter
ostensibly reproduces SD’s observations [14] – their data are
also plotted in 2(a). In native PVP160k, Fig. 2(a), the peak in
v̄(c) broadens, and now there is a corresponding broad peak in
⌦̄(c) as well. These peaks broaden out into plateaux for native
PVP40k and PVP10k, Fig. 2(c), (d). We also performed ex-
periment with native Ficoll with manufacturer quoted molec-
ular weights of 70k and 400k, and observed non-monotonic,
broadly peaked responses in v̄(c) and ⌦̄(c) (Fig. S?).

Fig. 3. Normalised swimming speed v̄/v̄
0

(black circles) and body angular speed
⌦̄/⌦̄

0

(red squares) vs. dialysed PVP concentration (in weight percent) at four
molecular weights, with v̄

0

⇡ 15µm/s and ⌦̄
0

⇡ 20Hz. The blue stars in
(a) are the swimming speeds from SD [14] normalised to the values at their lowest
polymer concentration. label (a), (b), . . . vertical axes labels

Dialysed polymers. The initial rise in v̄ and ⌦̄ upon addition of
native polymers are somewhat reminiscent of the way swim-
ming speed of E. coli rises upon adding small-molecule car-
bon sources such as glycerol (see the example of glycerol in
Fig. S?): cells take up and metabolise the carbon sources
to increase the proton motive force and therefore their swim-
ming speed. PVP is highly e�cient in complexing with vari-
ous small molecules [20]. We therefore cleaned the as-bought,
native polymers by repeated dialysis using membranes that

Footline Author PNAS Issue Date Volume Issue Number 3

[glycerol]

Maybe there are edible impurities

Can remove by dialysis!



We used four PVPs purchased from Sigma Aldrich for our
work, with stated average molecular weights ofM ⇠ 10 kD (no
K-number given), 40 kD (K-30), 160 kD (K-60) and 360 kD
(K-90). We have characterised all four polymers (see online
SI for details) first by measuring their low-shear viscosity in
motility bu↵er as a function of concentration. For K-90 at
1 and 10 wt.%, ⌘ ⇡ 4 and 370 mPa.s, agreeing well with
the published standards [20]. Re-graphing each ⌘(c) data set
as Huggins and Kraemer plots (Fig. S2b-e), we extracted
the intrinsic viscosity, [⌘], whose reciprocal gives the overlap
concentration [17], c⇤ = 0.55 ± 0.01, 1.4 ± 0.02, 3.8 ± 0.1 and
9.5 ± 0.5 wt.% (in order of decreasing M). We find, as ex-
pected, that [⌘] ⇠ Ma [17], with a ⇡ 0.8, Fig. S2f. Since
[⌘] ⇠ r3/M , where r3 is the coil volume, r / M⌫ with ⌫ ⇡ 0.6
for our PVPs. For a linear polymer in a good solvent, we
expect ⌫ = 0.588 [17]. Static light scattering in water gave
Mw ⇡ 840 kD for our PVP360, well within the expected range
[20], and rg = 56 nm. We also used Ficoll with M ⇠ 70k and
400k from Sigma Aldrich (Fi70k, Fi400k).

Results
We characterised the motility of E. coli in polymer solu-
tions using two new high-throughput methods (see Materi-
als & Methods and online SI for details). Di↵erential dy-
namic microscopy (DDM), which involves correlating Fourier-
transformed images in time, delivers the mean, v̄, and stan-
dard deviation of the swimming speed distribution, the frac-
tion of motile bacteria, and the di↵usion coe�cient of the
non-motile organisms [21, 22]. In dark-field flicker microscopy
(DFM), we average the power spectrum of the flickering dark-
field image of individual swimmers to obtain the mean, ⌦̄,
and standard deviation of the distribution of body rotation
(angular) speeds [23]. Cells suspended in a phosphate motil-
ity bu↵er (which is devoid of any energy source) were mixed
with polymer solution in bu↵er to reach final desired con-
centrations, and loaded into sealed capillaries for DDM and
DFM. The concentration of cells were low enough to avoid any
cell-cell interaction, including polymer-induced ‘depletion’ ag-
gregation [24] – the absence of the latter being confirmed by
microscopy. Separate experiments confirmed that oxygen de-
pletion is negligible over the duration of the measurements.

Native polymer.The measured v̄(c) curves for all four PVP
and Ficoll solutions are all non-monotonic (see SI, Fig. S3).
The peak we see in PVP360k is somewhat reminiscent of SD’s
observation [14] for E. coli (Fig. S3a). Interestingly, all ⌦̄(c)
are also non-monotonic except for PVP360k (Fig. S3).

Dialysed polymers.The initial rise in v̄ and ⌦̄ upon addition of
native polymers are somewhat reminiscent of the way swim-
ming speed of E. coli rises upon adding small-molecule car-
bon sources (see the example of glycerol in Fig. S5), which
cells take up and metabolise to increase the proton motive
force. PVP is highly e�cient in complexing with various
small molecules [20]. We therefore cleaned the as-bought,
native polymers by repeated dialysis using membranes that
should remove low-molecular-weight impurities (see Materials
& Methods), and then repeated the v̄(c) and ⌦̄(c) measure-
ments, Fig. 2, now reported in normalised form, v̄/v̄

0

and
⌦̄/⌦̄

0

, where v
0

and ⌦
0

are the swimming speed and body
angular speed in bu↵er (c = 0).

The prominent broad peaks or plateaux seen in the data
for native PVP40k and PVP160k have disappeared. (The
same is true for Fi70k and Fi400k, Fig. S6.) A small ‘bump’
(barely one error bar high) in the data for PVP10k remains.

Given the flatness of the data in PVP40k and PVP160k, we
believe that the residual peak in PVP10k, whose coils have
higher surface to volume ratio, is due to insu�cient clean-
ing, rather than any putative non-newtonian e↵ects. On the
other hand, we show below that the small peak in v̄(c)/v̄

0

for
PVP360k is real. For now, what most obviously distinguishes
the PVP360k data from that in the three lowest molecular
weight polymers, the normalised v̄(c) and ⌦̄(c) coincide over
the whole c range, while for PVP360k they diverge from each
other at all but the lowest and highest c.

Ω
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Fig. 2. Normalised swimming speed v̄/v̄
0

(black circles) and body angular speed
⌦̄/⌦̄

0

(red squares) vs. dialysed PVP concentration (in weight percent) at four
molecular weights, with v̄

0

⇡ 15µm/s and ⌦̄
0

⇡ 20Hz. The blue stars in
(a) are the swimming speeds from SD [14] normalised to the values at their lowest
polymer concentration.

Newtonian propulsion.To have v̄(c)/v̄
0

= ⌦̄(c)/⌦̄
0

, Fig. 2(a)-
(c), we require v̄ / ⌦̄, i.e. that Eq. 6 should be valid. That
this is so is directly confirmed by Fig. 3: data for PVP10k,
40k and 160k collapse onto a single master proportionality
at all concentrations. Data for two dialysed Ficolls also fall
on the same master line. The good data collapse shows that
there is only very limited sample to sample variation in the
average body and flagellar geometry, which are the sole de-
terminants of R

1

in Eq. 6. The slope of the line fitted to
all the data gives R

1

⇡ 8.35µm�1 (cf. ⇡ 7µm�1 in [25]).
The constancy of the ratio R

1

= ⌦̄/v̄ is also be seen from the
strongly-peaked distribution of this quantity calculated from
all individual pairs of v̄(c) and ⌦̄(c) values except those for
PVP360k (inset, Fig. 3). Physically, R

1

is as an ‘inverse cell
body processivity’, i.e. on average a bacterium swims forward
a distance R�1

1

⇡ 0.12µm per body revolution.
BT cited the proportionality between ⌦ and ⌘�1 as evi-

dence of newtonian behavior in Ficoll. We show the depen-
dence of body rotation speed normalised by its value at no
added polymer, ⌦̄/⌦̄

0

, on the normalised fluidity ⌘s/⌘ (where
⌘s is the viscosity of the solvent, i.e. bu↵er) for 4 PVPs and
2 Ficolls in Fig. 4, together with the lines used by BT to
summarise their MC and Ficoll data sets. All our data and
the mean of BT’s MC results (which span 0.2 . ⌘s/⌘ < 1)
collapse onto a single master curve, which, however, is not a
simple proportionality.
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Fig. 3. Mean rotational frequency ⌦̄/2⇡ versus swimming speed v̄ for dialysed
PVP and Ficoll solutions at molecular weights as indicated (there are � 2 datasets
per each PVP and one dataset for each Ficoll). The line is a linear fit to all data
(except PVP360k), giving R

1

= 8.35±0.05µm�1 in Eq. 6. The inset shows the
probability distribution ofR

1

for all data sets except PVP360k. The diamonds are for
PVP360k averaged over two datasets with the errors bars being standard deviations.
The stars linked by the full curve is the predicted ⌦(v) for PVP360k, according to
a model in which the body experiences the full low-shear viscosity of the polymer
solution, and the flagella experiences the viscosity of pure bu↵er.

Equations 10a and 10b predict such data collapse if the
cell body geometry, (a, b), and the motor characteristics,
(N

0

,⌦c,⌦max), remain constant between data sets. We have
already suggested that there is only limited variability in av-
erage shape from sample to sample. The higher degree of data
scatter in Fig. 4 compared to Fig. 3 suggests somewhat larger
variations in motor characteristics between samples.1

Ω
Ω

η η

Fig. 4. Relative rotational body speed ⌦̄/⌦̄
0

versus fluidity (1/⌘), normalised to
the fluidity of the motility bu↵er (c=0), for all polymer solutions we studied. Full and
dashed lines are those used by BT to summarise their MC and Ficoll data respectively.
Note that BT’s MC data spanned 0.2 . ⌘s/⌘ < 1.

Of all the di↵erent polymers contributing to Fig. 4,
PVP360k gave the most extensive data coverage over the
whole range of fluidity (0 < ⌘�1 < 1 cP�1)2. We therefore
use these data to fit to Eqs. 10a and 10b. The behavior
of ⌦̄(⌘�1) from averaging all our data sets collected with
PVP360k is shown in Fig. 5. It is clear that ⌦̄ / ⌘�1 for
0 < ⌘�1 . 0.2 cP�1, as predicted by Eq. 10a for the constant
torque, low speed regime (cf. Fig. 1). Using a = 1.24µm
and b = 0.65µm (see online SI), we fit Eq. 10a to the linear
portion of the data to obtain N

0

= 3640± 60 pN.nm. This is
⇡ 3⇥ the stall torque of a single flagellum motor in E. coli [19].
However, this is the fitted stall torque of a fictitious ‘e↵ective

flagellum’ of ‘Purcell’s E. coli’, so that a higher value, repre-
senting the e↵ect of anything up to 6 or 7 real flagella per cell,
is not wholly surprising. The rest of the data is then fitted to
Eq. 10b to obtain ⌦̄c = 7.3±0.6 Hz and ⌦̄max = 19.5±0.5 Hz.
(The inset to Fig. 5 shows that Eq. 10b alone cannot fit the
data close to the origin.) Importantly, if Eqs. 10a and 10b
can reasonably be fitted to this data, then PVP360k solution
is newtonian as far as cell body rotation is concerned.

Ω
π

η

Fig. 5. Body rotation frequency versus fluidity for PVP360k. Blue and red re-
gions are fits to the data assuming constant torque regime (0 . ⌘ . 0.15cP�1),
using Eq. 10a, and linear torque regime (⌘ & 0.2cP�1), using Eq. 10b, of the
torque-speed relation. The shaded regions indicate uncertainties due to identifying
the boundary between the two kinds of behavior in what is a single, continuous data
set. Inset: a log-log plot to show that Eq. 10b alone does not fit the data.

Shear-thinning and flagella nano-rheology. If body rotation is
newtonian in PVP360k solution, then the non-linear relation
between ⌦̄ and v̄ for this polymer, Fig. 3, implies a non-
newtonian response at the flagellum. We suggest that this
is due to shear thinning. For a helical flagellum of thick-
ness d and diameter D rotating at angular frequency !, the
local shear rate is �̇f ⇠ !D/d (we neglect translation be-
cause v ⌧ !D). For E. coli, d ⇡ 40 nm, D ⇡ 550 nm and
! ⇡ 2⇡⇥115 rad/s [25], giving �̇f ⇠ 104 s�1 in the vicinity of
the flagellum. At such high rates of deformation, significant
shear thinning may indeed be expected.

To quantify this last remark, we estimate the Zimm re-
laxation time of a polymer coil, ⌧Z ⇠ 6⇡⌘sr

3

g/kBT , where
⌘s = 10�3 Pa·s is the solvent viscosity, rg ⇠ 60 nm, and kBT
is the thermal energy, giving ⌧Z ⇠ 1 ms for our PVP360k
at room temperature. Since ⌦�1 � ⌧Z , the cell body does
not perturb significantly the polymer conformation. How-
ever, �̇�1

f ⇠ 0.1⌧Z , so that the polymers will be significantly
stretched and oriented near the flagellum, resulting in shear
thinning in both dilute (c < c⇤) [26] and semi-dilute (c & c⇤)
[27] solutions. Thus, while the body experiences the low-shear
viscosity of the polymer solution, ⌘, the flagella experiences
a high-shear viscosity ⌘0 < ⌘. Making explicit the viscosity
dependence of the resistive coe�cients in Eqs. 2 and 3 by
writing A = â⌘, etc., force and torque balance now read:

⌘ â
0

v = �⌘0
⇣
â v + b̂!

⌘
, [11]

⌘ d̂
0

⌦ = �⌘0
⇣
b̂ v + d̂!

⌘
. [12]

1Note, however, that this refers to the fictitious ‘e↵ective motor’ powering the single ‘e↵ective
flagellum’ in Purcell’s E. coli model, so that in reality, the variability reflects di↵ering number and
spatial distribution of flagella as much as individual motor characteristics.
2To reach lower fluidity, or higher viscosity, required progressively more polymer (by mass). To
recover enough polymer after dialysis becomes more challenging as the molecular weight decreases.
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Fig. 3. Mean rotational frequency ⌦̄/2⇡ versus swimming speed v̄ for dialysed
PVP and Ficoll solutions at molecular weights as indicated (there are � 2 datasets
per each PVP and one dataset for each Ficoll). The line is a linear fit to all data
(except PVP360k), giving R

1

= 8.35±0.05µm�1 in Eq. 6. The inset shows the
probability distribution ofR

1

for all data sets except PVP360k. The diamonds are for
PVP360k averaged over two datasets with the errors bars being standard deviations.
The stars linked by the full curve is the predicted ⌦(v) for PVP360k, according to
a model in which the body experiences the full low-shear viscosity of the polymer
solution, and the flagella experiences the viscosity of pure bu↵er.

Equations 10a and 10b predict such data collapse if the
cell body geometry, (a, b), and the motor characteristics,
(N

0

,⌦c,⌦max), remain constant between data sets. We have
already suggested that there is only limited variability in av-
erage shape from sample to sample. The higher degree of data
scatter in Fig. 4 compared to Fig. 3 suggests somewhat larger
variations in motor characteristics between samples.1
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Fig. 4. Relative rotational body speed ⌦̄/⌦̄
0

versus fluidity (1/⌘), normalised to
the fluidity of the motility bu↵er (c=0), for all polymer solutions we studied. Full and
dashed lines are those used by BT to summarise their MC and Ficoll data respectively.
Note that BT’s MC data spanned 0.2 . ⌘s/⌘ < 1.

Of all the di↵erent polymers contributing to Fig. 4,
PVP360k gave the most extensive data coverage over the
whole range of fluidity (0 < ⌘�1 < 1 cP�1)2. We therefore
use these data to fit to Eqs. 10a and 10b. The behavior
of ⌦̄(⌘�1) from averaging all our data sets collected with
PVP360k is shown in Fig. 5. It is clear that ⌦̄ / ⌘�1 for
0 < ⌘�1 . 0.2 cP�1, as predicted by Eq. 10a for the constant
torque, low speed regime (cf. Fig. 1). Using a = 1.24µm
and b = 0.65µm (see online SI), we fit Eq. 10a to the linear
portion of the data to obtain N

0

= 3640± 60 pN.nm. This is
⇡ 3⇥ the stall torque of a single flagellum motor in E. coli [19].
However, this is the fitted stall torque of a fictitious ‘e↵ective

flagellum’ of ‘Purcell’s E. coli’, so that a higher value, repre-
senting the e↵ect of anything up to 6 or 7 real flagella per cell,
is not wholly surprising. The rest of the data is then fitted to
Eq. 10b to obtain ⌦̄c = 7.3±0.6 Hz and ⌦̄max = 19.5±0.5 Hz.
(The inset to Fig. 5 shows that Eq. 10b alone cannot fit the
data close to the origin.) Importantly, if Eqs. 10a and 10b
can reasonably be fitted to this data, then PVP360k solution
is newtonian as far as cell body rotation is concerned.
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Fig. 5. Body rotation frequency versus fluidity for PVP360k. Blue and red re-
gions are fits to the data assuming constant torque regime (0 . ⌘ . 0.15cP�1),
using Eq. 10a, and linear torque regime (⌘ & 0.2cP�1), using Eq. 10b, of the
torque-speed relation. The shaded regions indicate uncertainties due to identifying
the boundary between the two kinds of behavior in what is a single, continuous data
set. Inset: a log-log plot to show that Eq. 10b alone does not fit the data.

Shear-thinning and flagella nano-rheology. If body rotation is
newtonian in PVP360k solution, then the non-linear relation
between ⌦̄ and v̄ for this polymer, Fig. 3, implies a non-
newtonian response at the flagellum. We suggest that this
is due to shear thinning. For a helical flagellum of thick-
ness d and diameter D rotating at angular frequency !, the
local shear rate is �̇f ⇠ !D/d (we neglect translation be-
cause v ⌧ !D). For E. coli, d ⇡ 40 nm, D ⇡ 550 nm and
! ⇡ 2⇡⇥115 rad/s [25], giving �̇f ⇠ 104 s�1 in the vicinity of
the flagellum. At such high rates of deformation, significant
shear thinning may indeed be expected.

To quantify this last remark, we estimate the Zimm re-
laxation time of a polymer coil, ⌧Z ⇠ 6⇡⌘sr

3

g/kBT , where
⌘s = 10�3 Pa·s is the solvent viscosity, rg ⇠ 60 nm, and kBT
is the thermal energy, giving ⌧Z ⇠ 1 ms for our PVP360k
at room temperature. Since ⌦�1 � ⌧Z , the cell body does
not perturb significantly the polymer conformation. How-
ever, �̇�1

f ⇠ 0.1⌧Z , so that the polymers will be significantly
stretched and oriented near the flagellum, resulting in shear
thinning in both dilute (c < c⇤) [26] and semi-dilute (c & c⇤)
[27] solutions. Thus, while the body experiences the low-shear
viscosity of the polymer solution, ⌘, the flagella experiences
a high-shear viscosity ⌘0 < ⌘. Making explicit the viscosity
dependence of the resistive coe�cients in Eqs. 2 and 3 by
writing A = â⌘, etc., force and torque balance now read:

⌘ â
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v = �⌘0
⇣
â v + b̂!
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, [11]
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⌦ = �⌘0
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1Note, however, that this refers to the fictitious ‘e↵ective motor’ powering the single ‘e↵ective
flagellum’ in Purcell’s E. coli model, so that in reality, the variability reflects di↵ering number and
spatial distribution of flagella as much as individual motor characteristics.
2To reach lower fluidity, or higher viscosity, required progressively more polymer (by mass). To
recover enough polymer after dialysis becomes more challenging as the molecular weight decreases.
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Fig. 3. Mean rotational frequency ⌦̄/2⇡ versus swimming speed v̄ for dialysed
PVP and Ficoll solutions at molecular weights as indicated (there are � 2 datasets
per each PVP and one dataset for each Ficoll). The line is a linear fit to all data
(except PVP360k), giving R

1

= 8.35±0.05µm�1 in Eq. 6. The inset shows the
probability distribution ofR

1

for all data sets except PVP360k. The diamonds are for
PVP360k averaged over two datasets with the errors bars being standard deviations.
The stars linked by the full curve is the predicted ⌦(v) for PVP360k, according to
a model in which the body experiences the full low-shear viscosity of the polymer
solution, and the flagella experiences the viscosity of pure bu↵er.

Equations 10a and 10b predict such data collapse if the
cell body geometry, (a, b), and the motor characteristics,
(N

0

,⌦c,⌦max), remain constant between data sets. We have
already suggested that there is only limited variability in av-
erage shape from sample to sample. The higher degree of data
scatter in Fig. 4 compared to Fig. 3 suggests somewhat larger
variations in motor characteristics between samples.1
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versus fluidity (1/⌘), normalised to
the fluidity of the motility bu↵er (c=0), for all polymer solutions we studied. Full and
dashed lines are those used by BT to summarise their MC and Ficoll data respectively.
Note that BT’s MC data spanned 0.2 . ⌘s/⌘ < 1.

Of all the di↵erent polymers contributing to Fig. 4,
PVP360k gave the most extensive data coverage over the
whole range of fluidity (0 < ⌘�1 < 1 cP�1)2. We therefore
use these data to fit to Eqs. 10a and 10b. The behavior
of ⌦̄(⌘�1) from averaging all our data sets collected with
PVP360k is shown in Fig. 5. It is clear that ⌦̄ / ⌘�1 for
0 < ⌘�1 . 0.2 cP�1, as predicted by Eq. 10a for the constant
torque, low speed regime (cf. Fig. 1). Using a = 1.24µm
and b = 0.65µm (see online SI), we fit Eq. 10a to the linear
portion of the data to obtain N

0

= 3640± 60 pN.nm. This is
⇡ 3⇥ the stall torque of a single flagellum motor in E. coli [19].
However, this is the fitted stall torque of a fictitious ‘e↵ective

flagellum’ of ‘Purcell’s E. coli’, so that a higher value, repre-
senting the e↵ect of anything up to 6 or 7 real flagella per cell,
is not wholly surprising. The rest of the data is then fitted to
Eq. 10b to obtain ⌦̄c = 7.3±0.6 Hz and ⌦̄max = 19.5±0.5 Hz.
(The inset to Fig. 5 shows that Eq. 10b alone cannot fit the
data close to the origin.) Importantly, if Eqs. 10a and 10b
can reasonably be fitted to this data, then PVP360k solution
is newtonian as far as cell body rotation is concerned.
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Fig. 5. Body rotation frequency versus fluidity for PVP360k. Blue and red re-
gions are fits to the data assuming constant torque regime (0 . ⌘ . 0.15cP�1),
using Eq. 10a, and linear torque regime (⌘ & 0.2cP�1), using Eq. 10b, of the
torque-speed relation. The shaded regions indicate uncertainties due to identifying
the boundary between the two kinds of behavior in what is a single, continuous data
set. Inset: a log-log plot to show that Eq. 10b alone does not fit the data.

Shear-thinning and flagella nano-rheology. If body rotation is
newtonian in PVP360k solution, then the non-linear relation
between ⌦̄ and v̄ for this polymer, Fig. 3, implies a non-
newtonian response at the flagellum. We suggest that this
is due to shear thinning. For a helical flagellum of thick-
ness d and diameter D rotating at angular frequency !, the
local shear rate is �̇f ⇠ !D/d (we neglect translation be-
cause v ⌧ !D). For E. coli, d ⇡ 40 nm, D ⇡ 550 nm and
! ⇡ 2⇡⇥115 rad/s [25], giving �̇f ⇠ 104 s�1 in the vicinity of
the flagellum. At such high rates of deformation, significant
shear thinning may indeed be expected.

To quantify this last remark, we estimate the Zimm re-
laxation time of a polymer coil, ⌧Z ⇠ 6⇡⌘sr

3

g/kBT , where
⌘s = 10�3 Pa·s is the solvent viscosity, rg ⇠ 60 nm, and kBT
is the thermal energy, giving ⌧Z ⇠ 1 ms for our PVP360k
at room temperature. Since ⌦�1 � ⌧Z , the cell body does
not perturb significantly the polymer conformation. How-
ever, �̇�1

f ⇠ 0.1⌧Z , so that the polymers will be significantly
stretched and oriented near the flagellum, resulting in shear
thinning in both dilute (c < c⇤) [26] and semi-dilute (c & c⇤)
[27] solutions. Thus, while the body experiences the low-shear
viscosity of the polymer solution, ⌘, the flagella experiences
a high-shear viscosity ⌘0 < ⌘. Making explicit the viscosity
dependence of the resistive coe�cients in Eqs. 2 and 3 by
writing A = â⌘, etc., force and torque balance now read:

⌘ â
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⇣
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1Note, however, that this refers to the fictitious ‘e↵ective motor’ powering the single ‘e↵ective
flagellum’ in Purcell’s E. coli model, so that in reality, the variability reflects di↵ering number and
spatial distribution of flagella as much as individual motor characteristics.
2To reach lower fluidity, or higher viscosity, required progressively more polymer (by mass). To
recover enough polymer after dialysis becomes more challenging as the molecular weight decreases.
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Fig. 3. Mean rotational frequency ⌦̄/2⇡ versus swimming speed v̄ for dialysed
PVP and Ficoll solutions at molecular weights as indicated (there are � 2 datasets
per each PVP and one dataset for each Ficoll). The line is a linear fit to all data
(except PVP360k), giving R

1

= 8.35±0.05µm�1 in Eq. 6. The inset shows the
probability distribution ofR

1

for all data sets except PVP360k. The diamonds are for
PVP360k averaged over two datasets with the errors bars being standard deviations.
The stars linked by the full curve is the predicted ⌦(v) for PVP360k, according to
a model in which the body experiences the full low-shear viscosity of the polymer
solution, and the flagella experiences the viscosity of pure bu↵er.

Equations 10a and 10b predict such data collapse if the
cell body geometry, (a, b), and the motor characteristics,
(N

0

,⌦c,⌦max), remain constant between data sets. We have
already suggested that there is only limited variability in av-
erage shape from sample to sample. The higher degree of data
scatter in Fig. 4 compared to Fig. 3 suggests somewhat larger
variations in motor characteristics between samples.1
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Fig. 4. Relative rotational body speed ⌦̄/⌦̄
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versus fluidity (1/⌘), normalised to
the fluidity of the motility bu↵er (c=0), for all polymer solutions we studied. Full and
dashed lines are those used by BT to summarise their MC and Ficoll data respectively.
Note that BT’s MC data spanned 0.2 . ⌘s/⌘ < 1.

Of all the di↵erent polymers contributing to Fig. 4,
PVP360k gave the most extensive data coverage over the
whole range of fluidity (0 < ⌘�1 < 1 cP�1)2. We therefore
use these data to fit to Eqs. 10a and 10b. The behavior
of ⌦̄(⌘�1) from averaging all our data sets collected with
PVP360k is shown in Fig. 5. It is clear that ⌦̄ / ⌘�1 for
0 < ⌘�1 . 0.2 cP�1, as predicted by Eq. 10a for the constant
torque, low speed regime (cf. Fig. 1). Using a = 1.24µm
and b = 0.65µm (see online SI), we fit Eq. 10a to the linear
portion of the data to obtain N

0

= 3640± 60 pN.nm. This is
⇡ 3⇥ the stall torque of a single flagellum motor in E. coli [19].
However, this is the fitted stall torque of a fictitious ‘e↵ective

flagellum’ of ‘Purcell’s E. coli’, so that a higher value, repre-
senting the e↵ect of anything up to 6 or 7 real flagella per cell,
is not wholly surprising. The rest of the data is then fitted to
Eq. 10b to obtain ⌦̄c = 7.3±0.6 Hz and ⌦̄max = 19.5±0.5 Hz.
(The inset to Fig. 5 shows that Eq. 10b alone cannot fit the
data close to the origin.) Importantly, if Eqs. 10a and 10b
can reasonably be fitted to this data, then PVP360k solution
is newtonian as far as cell body rotation is concerned.
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Fig. 5. Body rotation frequency versus fluidity for PVP360k. Blue and red re-
gions are fits to the data assuming constant torque regime (0 . ⌘ . 0.15cP�1),
using Eq. 10a, and linear torque regime (⌘ & 0.2cP�1), using Eq. 10b, of the
torque-speed relation. The shaded regions indicate uncertainties due to identifying
the boundary between the two kinds of behavior in what is a single, continuous data
set. Inset: a log-log plot to show that Eq. 10b alone does not fit the data.

Shear-thinning and flagella nano-rheology. If body rotation is
newtonian in PVP360k solution, then the non-linear relation
between ⌦̄ and v̄ for this polymer, Fig. 3, implies a non-
newtonian response at the flagellum. We suggest that this
is due to shear thinning. For a helical flagellum of thick-
ness d and diameter D rotating at angular frequency !, the
local shear rate is �̇f ⇠ !D/d (we neglect translation be-
cause v ⌧ !D). For E. coli, d ⇡ 40 nm, D ⇡ 550 nm and
! ⇡ 2⇡⇥115 rad/s [25], giving �̇f ⇠ 104 s�1 in the vicinity of
the flagellum. At such high rates of deformation, significant
shear thinning may indeed be expected.

To quantify this last remark, we estimate the Zimm re-
laxation time of a polymer coil, ⌧Z ⇠ 6⇡⌘sr

3

g/kBT , where
⌘s = 10�3 Pa·s is the solvent viscosity, rg ⇠ 60 nm, and kBT
is the thermal energy, giving ⌧Z ⇠ 1 ms for our PVP360k
at room temperature. Since ⌦�1 � ⌧Z , the cell body does
not perturb significantly the polymer conformation. How-
ever, �̇�1

f ⇠ 0.1⌧Z , so that the polymers will be significantly
stretched and oriented near the flagellum, resulting in shear
thinning in both dilute (c < c⇤) [26] and semi-dilute (c & c⇤)
[27] solutions. Thus, while the body experiences the low-shear
viscosity of the polymer solution, ⌘, the flagella experiences
a high-shear viscosity ⌘0 < ⌘. Making explicit the viscosity
dependence of the resistive coe�cients in Eqs. 2 and 3 by
writing A = â⌘, etc., force and torque balance now read:
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⇣
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1Note, however, that this refers to the fictitious ‘e↵ective motor’ powering the single ‘e↵ective
flagellum’ in Purcell’s E. coli model, so that in reality, the variability reflects di↵ering number and
spatial distribution of flagella as much as individual motor characteristics.
2To reach lower fluidity, or higher viscosity, required progressively more polymer (by mass). To
recover enough polymer after dialysis becomes more challenging as the molecular weight decreases.
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Fig. 3. Mean rotational frequency ⌦̄/2⇡ versus swimming speed v̄ for dialysed
PVP and Ficoll solutions at molecular weights as indicated (there are � 2 datasets
per each PVP and one dataset for each Ficoll). The line is a linear fit to all data
(except PVP360k), giving R

1

= 8.35±0.05µm�1 in Eq. 6. The inset shows the
probability distribution ofR

1

for all data sets except PVP360k. The diamonds are for
PVP360k averaged over two datasets with the errors bars being standard deviations.
The stars linked by the full curve is the predicted ⌦(v) for PVP360k, according to
a model in which the body experiences the full low-shear viscosity of the polymer
solution, and the flagella experiences the viscosity of pure bu↵er.

Equations 10a and 10b predict such data collapse if the
cell body geometry, (a, b), and the motor characteristics,
(N

0

,⌦c,⌦max), remain constant between data sets. We have
already suggested that there is only limited variability in av-
erage shape from sample to sample. The higher degree of data
scatter in Fig. 4 compared to Fig. 3 suggests somewhat larger
variations in motor characteristics between samples.1
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Fig. 4. Relative rotational body speed ⌦̄/⌦̄
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versus fluidity (1/⌘), normalised to
the fluidity of the motility bu↵er (c=0), for all polymer solutions we studied. Full and
dashed lines are those used by BT to summarise their MC and Ficoll data respectively.
Note that BT’s MC data spanned 0.2 . ⌘s/⌘ < 1.

Of all the di↵erent polymers contributing to Fig. 4,
PVP360k gave the most extensive data coverage over the
whole range of fluidity (0 < ⌘�1 < 1 cP�1)2. We therefore
use these data to fit to Eqs. 10a and 10b. The behavior
of ⌦̄(⌘�1) from averaging all our data sets collected with
PVP360k is shown in Fig. 5. It is clear that ⌦̄ / ⌘�1 for
0 < ⌘�1 . 0.2 cP�1, as predicted by Eq. 10a for the constant
torque, low speed regime (cf. Fig. 1). Using a = 1.24µm
and b = 0.65µm (see online SI), we fit Eq. 10a to the linear
portion of the data to obtain N

0

= 3640± 60 pN.nm. This is
⇡ 3⇥ the stall torque of a single flagellum motor in E. coli [19].
However, this is the fitted stall torque of a fictitious ‘e↵ective

flagellum’ of ‘Purcell’s E. coli’, so that a higher value, repre-
senting the e↵ect of anything up to 6 or 7 real flagella per cell,
is not wholly surprising. The rest of the data is then fitted to
Eq. 10b to obtain ⌦̄c = 7.3±0.6 Hz and ⌦̄max = 19.5±0.5 Hz.
(The inset to Fig. 5 shows that Eq. 10b alone cannot fit the
data close to the origin.) Importantly, if Eqs. 10a and 10b
can reasonably be fitted to this data, then PVP360k solution
is newtonian as far as cell body rotation is concerned.
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Fig. 5. Body rotation frequency versus fluidity for PVP360k. Blue and red re-
gions are fits to the data assuming constant torque regime (0 . ⌘ . 0.15cP�1),
using Eq. 10a, and linear torque regime (⌘ & 0.2cP�1), using Eq. 10b, of the
torque-speed relation. The shaded regions indicate uncertainties due to identifying
the boundary between the two kinds of behavior in what is a single, continuous data
set. Inset: a log-log plot to show that Eq. 10b alone does not fit the data.

Shear-thinning and flagella nano-rheology. If body rotation is
newtonian in PVP360k solution, then the non-linear relation
between ⌦̄ and v̄ for this polymer, Fig. 3, implies a non-
newtonian response at the flagellum. We suggest that this
is due to shear thinning. For a helical flagellum of thick-
ness d and diameter D rotating at angular frequency !, the
local shear rate is �̇f ⇠ !D/d (we neglect translation be-
cause v ⌧ !D). For E. coli, d ⇡ 40 nm, D ⇡ 550 nm and
! ⇡ 2⇡⇥115 rad/s [25], giving �̇f ⇠ 104 s�1 in the vicinity of
the flagellum. At such high rates of deformation, significant
shear thinning may indeed be expected.

To quantify this last remark, we estimate the Zimm re-
laxation time of a polymer coil, ⌧Z ⇠ 6⇡⌘sr

3

g/kBT , where
⌘s = 10�3 Pa·s is the solvent viscosity, rg ⇠ 60 nm, and kBT
is the thermal energy, giving ⌧Z ⇠ 1 ms for our PVP360k
at room temperature. Since ⌦�1 � ⌧Z , the cell body does
not perturb significantly the polymer conformation. How-
ever, �̇�1

f ⇠ 0.1⌧Z , so that the polymers will be significantly
stretched and oriented near the flagellum, resulting in shear
thinning in both dilute (c < c⇤) [26] and semi-dilute (c & c⇤)
[27] solutions. Thus, while the body experiences the low-shear
viscosity of the polymer solution, ⌘, the flagella experiences
a high-shear viscosity ⌘0 < ⌘. Making explicit the viscosity
dependence of the resistive coe�cients in Eqs. 2 and 3 by
writing A = â⌘, etc., force and torque balance now read:
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1Note, however, that this refers to the fictitious ‘e↵ective motor’ powering the single ‘e↵ective
flagellum’ in Purcell’s E. coli model, so that in reality, the variability reflects di↵ering number and
spatial distribution of flagella as much as individual motor characteristics.
2To reach lower fluidity, or higher viscosity, required progressively more polymer (by mass). To
recover enough polymer after dialysis becomes more challenging as the molecular weight decreases.
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Solving these gives

⌦
v

=
d̂
h⇣

⌘
⌘0

⌘
â
0

+ â
i
� b̂2

⇣
⌘
⌘0

⌘
d̂
0

b̂
. [13]

The precise degree of shear thinning is di�cult to estimate.
First, �̇f ⇠ 104 s�1 is well beyond conventional rheometry.
Moreover, d . rg ⇡ 60 nm, i.e. each section of the flagel-
lum is pushing its way through a sea of polymer coils that are
somewhat larger than its own diameter. Thus, the flagellum
is operating in a little-studied nano-rheological regime.

η

η

η

Fig. 6. Viscosities of PVP360k solutions. (dots) low-shear viscosity obtained with
a rheometer; (squares) high-shear viscosity from micro-rheology data obtained using
980 nm beads at 104 s�1, interpreting frequency as a shear rate using the Cox-Merz
rule; (triangles) ⌘0 at �̇ ⇡ 104 s�1 deduced from swimming data. Lines are best
possible fits (see SI). Note that in case of ⌘0, the line also corresponds to the fit of
the micro-rheology data but with concentrations halved.

Nevertheless, at maximum possible shear thinning, ⌘0 !
⌘s ⇡ 10�3 Pa.s. Employing this value for ⌘0, the measured
low-shear viscosity of PVP360k for ⌘(c), Fig. 6, and using
flagella dimensions for E. coli [25] to calculate (â

0

, d̂
0

; â, b̂, d̂),
Eq. 11 predicts an ⌦(v) that is remarkably close to observa-
tions, Fig. 3. Details are given in the online SI, where we also
predict the observed peak in v(c), Fig. 2 (Fig. S7).

To check the reasonableness of what we have done, we pro-
ceed in reverse and treat the flagellum as a nanorheometer.
Starting with the measured polymer-concentration-dependent
swimming behavior in PVP360k, we deduce the viscosity seen
by the flagellum, ⌘0(c), at �̇ ⇡ 104 s�1 (details in online SI),
Fig. 6. The complex viscosity of a polymer solution as a func-
tion of frequency can be obtained from micro-rheology, which
we performed using 980 nm polystyrene tracers (Fig. S8). The
Cox-Merz rule [28] states that this should be almost identi-
cal to the viscosity as a function of shear rate. Such micro-
rheology data at 104 s�1 as a function of polymer concentra-
tion are also shown in Fig. 6. Dramatic shear thinning is
evident, although not quite to the viscosity of pure bu↵er.

The ⌘0(c) deduced from swimming data does not coincide
with that from micro-rheology. There are many possible rea-
sons for this. The viscosity seen by a ⇠ 1µm oscillating bead
in an rg ⇡ 60 nm polymer solution will not be the same as
that seen by a d ⇡ 40 nm-thick slender body in unidirectional
rotation. Moreover, the Cox-Merz rule is only verified for the
linear, and not the non-linear, regime. Interestingly, halving
the concentrations in the micro-rheological ⌘0(c) data brings
them into almost perfect agreement with the result deduced
from bacterial swimming, Fig. 6. The physical picture may

be that the flagellum ‘carves’ a water channel in the polymer
solution, and some but not all segments are able to di↵use
back before another part of the flagellum reoccupies the same
space in the cycle of rotation. Such ‘depletion’ will be far
less important next to an oscillating 1µm bead. In any case,
the molecular details will be complex, but it is clearly possi-
ble to gain some insight into extreme shear thinning on the
nano-scale by using the flagellum as a nano-rheometer.

Summary and Conclusions
We have measured the average swimming speed and cell body
rotation rate in populations of E. coli bacteria swimming
in di↵erent concentrations of solutions of the linear polymer
PVP (nominal molecular weights 10kD, 40kD, 160kD and
360kD, these probably being number-averaged values) and
the branched polymer Ficoll (70kD and 400kD). We dialysed
each polymer to remove small-molecular impurities that can
be metabolised by the cells to increase their swimming speed.
Our results for all purified polymers, except PVP360k, show
that the self-propulsion can be fully accounted for using Pur-
cell’s model [18] in a newtonian liquid.

Significant deviations from newtonian behavior were
found for E. coli swimming in PVP360k solutions. Our data
show that the motion of the cell body remains newtonian,
in particular data fitting gives N

0

⇡ 3650 pN.nm for the
maximum torque generated by the ‘e↵ective motor’ rotating
a single ‘e↵ective flagellum’, which is comparable to previ-
ous measured values for single motors [19]. Thus there must
be non-newtonian e↵ects at the flagellum. We suggest that
the fast rotating flagellum, generating local shear rates of or-
der 104 s�1, stretches and aligns polymer coils in its vicinity,
leading to shear thinning. Using the flagellum as a nano-
rheometer, we back out the viscosity at �̇ ⇡ 104 s�1 as a
function of concentration. Comparison with micro-rheological
data obtained using ⇠ 1µm tracers suggest that there is a de-
pletion of polymer segments around the fast moving flagella,
possibly because coils pushed out of the way do not have time
to return fully during one cycle of flagellum rotation. We
point out that our results raise questions about the use of
macroscopic helices as models for bacterial flagella [13].

Shear thinning is not the only possible e↵ect in the vicin-
ity of a flagellum creating local deformation rates of ⇠ 104s�1.
Higher molecular weight polymers that are more viscoelastic
than PVP360k will show significant elastic e↵ects. Separately,
double-stranded DNA could be cut at a significant rate un-
der such conditions [29]. An E. coli swimming through high
molecular weight DNA solution should therefore leave behind
a trail of smaller DNA and therefore of lower-viscosity solu-
tion, making it easier for another bacterium to swim in the
wake. This may have important biomedical implications: the
mucosal lining of normal mammalian gastrointestinal tracks
and of diseased lungs can contain significant amounts of ex-
tracellular DNA. Exploration of these issues will be the next
step in seeking a complete understanding of flagellated bacte-
rial motility in polymeric solution.

Materials and Methods
Cells.We cultured K12-derived wild-type E. coli strain
AB1157 as detailed before [21, 22]. Briefly, overnight cul-
tures were grown in Luria-Bertani Broth (LB) using an orbital
shaker at 30�C and 200 rpm. A fresh culture was inoculated
as 1:100 dilution of overnight grown cells in 35ml tryptone
broth (TB) and grown for 4 h (to late exponential phase).
Cells were washed three times with in motility bu↵er (MB,
pH = 7.0, 6.2 mM K

2

HPO
4

, 3.8 mM KH
2

PO
4

, 67 mM NaCl
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We used four PVPs purchased from Sigma Aldrich for our
work, with stated average molecular weights ofM ⇠ 10 kD (no
K-number given), 40 kD (K-30), 160 kD (K-60) and 360 kD
(K-90). We have characterised all four polymers (see online
SI for details) first by measuring their low-shear viscosity in
motility bu↵er as a function of concentration. For K-90 at
1 and 10 wt.%, ⌘ ⇡ 4 and 370 mPa.s, agreeing well with
the published standards [20]. Re-graphing each ⌘(c) data set
as Huggins and Kraemer plots (Fig. S2b-e), we extracted
the intrinsic viscosity, [⌘], whose reciprocal gives the overlap
concentration [17], c⇤ = 0.55 ± 0.01, 1.4 ± 0.02, 3.8 ± 0.1 and
9.5 ± 0.5 wt.% (in order of decreasing M). We find, as ex-
pected, that [⌘] ⇠ Ma [17], with a ⇡ 0.8, Fig. S2f. Since
[⌘] ⇠ r3/M , where r3 is the coil volume, r / M⌫ with ⌫ ⇡ 0.6
for our PVPs. For a linear polymer in a good solvent, we
expect ⌫ = 0.588 [17]. Static light scattering in water gave
Mw ⇡ 840 kD for our PVP360, well within the expected range
[20], and rg = 56 nm. We also used Ficoll with M ⇠ 70k and
400k from Sigma Aldrich (Fi70k, Fi400k).

Results
We characterised the motility of E. coli in polymer solu-
tions using two new high-throughput methods (see Materi-
als & Methods and online SI for details). Di↵erential dy-
namic microscopy (DDM), which involves correlating Fourier-
transformed images in time, delivers the mean, v̄, and stan-
dard deviation of the swimming speed distribution, the frac-
tion of motile bacteria, and the di↵usion coe�cient of the
non-motile organisms [21, 22]. In dark-field flicker microscopy
(DFM), we average the power spectrum of the flickering dark-
field image of individual swimmers to obtain the mean, ⌦̄,
and standard deviation of the distribution of body rotation
(angular) speeds [23]. Cells suspended in a phosphate motil-
ity bu↵er (which is devoid of any energy source) were mixed
with polymer solution in bu↵er to reach final desired con-
centrations, and loaded into sealed capillaries for DDM and
DFM. The concentration of cells were low enough to avoid any
cell-cell interaction, including polymer-induced ‘depletion’ ag-
gregation [24] – the absence of the latter being confirmed by
microscopy. Separate experiments confirmed that oxygen de-
pletion is negligible over the duration of the measurements.

Native polymer.The measured v̄(c) curves for all four PVP
and Ficoll solutions are all non-monotonic (see SI, Fig. S3).
The peak we see in PVP360k is somewhat reminiscent of SD’s
observation [14] for E. coli (Fig. S3a). Interestingly, all ⌦̄(c)
are also non-monotonic except for PVP360k (Fig. S3).

Dialysed polymers.The initial rise in v̄ and ⌦̄ upon addition of
native polymers are somewhat reminiscent of the way swim-
ming speed of E. coli rises upon adding small-molecule car-
bon sources (see the example of glycerol in Fig. S5), which
cells take up and metabolise to increase the proton motive
force. PVP is highly e�cient in complexing with various
small molecules [20]. We therefore cleaned the as-bought,
native polymers by repeated dialysis using membranes that
should remove low-molecular-weight impurities (see Materials
& Methods), and then repeated the v̄(c) and ⌦̄(c) measure-
ments, Fig. 2, now reported in normalised form, v̄/v̄

0

and
⌦̄/⌦̄

0

, where v
0

and ⌦
0

are the swimming speed and body
angular speed in bu↵er (c = 0).

The prominent broad peaks or plateaux seen in the data
for native PVP40k and PVP160k have disappeared. (The
same is true for Fi70k and Fi400k, Fig. S6.) A small ‘bump’
(barely one error bar high) in the data for PVP10k remains.

Given the flatness of the data in PVP40k and PVP160k, we
believe that the residual peak in PVP10k, whose coils have
higher surface to volume ratio, is due to insu�cient clean-
ing, rather than any putative non-newtonian e↵ects. On the
other hand, we show below that the small peak in v̄(c)/v̄

0

for
PVP360k is real. For now, what most obviously distinguishes
the PVP360k data from that in the three lowest molecular
weight polymers, the normalised v̄(c) and ⌦̄(c) coincide over
the whole c range, while for PVP360k they diverge from each
other at all but the lowest and highest c.

Ω
Ω

Ω
Ω

Fig. 2. Normalised swimming speed v̄/v̄
0

(black circles) and body angular speed
⌦̄/⌦̄

0

(red squares) vs. dialysed PVP concentration (in weight percent) at four
molecular weights, with v̄

0

⇡ 15µm/s and ⌦̄
0

⇡ 20Hz. The blue stars in
(a) are the swimming speeds from SD [14] normalised to the values at their lowest
polymer concentration.

Newtonian propulsion.To have v̄(c)/v̄
0

= ⌦̄(c)/⌦̄
0

, Fig. 2(a)-
(c), we require v̄ / ⌦̄, i.e. that Eq. 6 should be valid. That
this is so is directly confirmed by Fig. 3: data for PVP10k,
40k and 160k collapse onto a single master proportionality
at all concentrations. Data for two dialysed Ficolls also fall
on the same master line. The good data collapse shows that
there is only very limited sample to sample variation in the
average body and flagellar geometry, which are the sole de-
terminants of R

1

in Eq. 6. The slope of the line fitted to
all the data gives R

1

⇡ 8.35µm�1 (cf. ⇡ 7µm�1 in [25]).
The constancy of the ratio R

1

= ⌦̄/v̄ is also be seen from the
strongly-peaked distribution of this quantity calculated from
all individual pairs of v̄(c) and ⌦̄(c) values except those for
PVP360k (inset, Fig. 3). Physically, R

1

is as an ‘inverse cell
body processivity’, i.e. on average a bacterium swims forward
a distance R�1

1

⇡ 0.12µm per body revolution.
BT cited the proportionality between ⌦ and ⌘�1 as evi-

dence of newtonian behavior in Ficoll. We show the depen-
dence of body rotation speed normalised by its value at no
added polymer, ⌦̄/⌦̄

0

, on the normalised fluidity ⌘s/⌘ (where
⌘s is the viscosity of the solvent, i.e. bu↵er) for 4 PVPs and
2 Ficolls in Fig. 4, together with the lines used by BT to
summarise their MC and Ficoll data sets. All our data and
the mean of BT’s MC results (which span 0.2 . ⌘s/⌘ < 1)
collapse onto a single master curve, which, however, is not a
simple proportionality.
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Solving these gives
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⌘
â
0
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⌘
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⌘
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The precise degree of shear thinning is di�cult to estimate.
First, �̇f ⇠ 104 s�1 is well beyond conventional rheometry.
Moreover, d . rg ⇡ 60 nm, i.e. each section of the flagel-
lum is pushing its way through a sea of polymer coils that are
somewhat larger than its own diameter. Thus, the flagellum
is operating in a little-studied nano-rheological regime.

η

η

η

Fig. 6. Viscosities of PVP360k solutions. (dots) low-shear viscosity obtained with
a rheometer; (squares) high-shear viscosity from micro-rheology data obtained using
980 nm beads at 104 s�1, interpreting frequency as a shear rate using the Cox-Merz
rule; (triangles) ⌘0 at �̇ ⇡ 104 s�1 deduced from swimming data. Lines are best
possible fits (see SI). Note that in case of ⌘0, the line also corresponds to the fit of
the micro-rheology data but with concentrations halved.

Nevertheless, at maximum possible shear thinning, ⌘0 !
⌘s ⇡ 10�3 Pa.s. Employing this value for ⌘0, the measured
low-shear viscosity of PVP360k for ⌘(c), Fig. 6, and using
flagella dimensions for E. coli [25] to calculate (â

0

, d̂
0

; â, b̂, d̂),
Eq. 11 predicts an ⌦(v) that is remarkably close to observa-
tions, Fig. 3. Details are given in the online SI, where we also
predict the observed peak in v(c), Fig. 2 (Fig. S7).

To check the reasonableness of what we have done, we pro-
ceed in reverse and treat the flagellum as a nanorheometer.
Starting with the measured polymer-concentration-dependent
swimming behavior in PVP360k, we deduce the viscosity seen
by the flagellum, ⌘0(c), at �̇ ⇡ 104 s�1 (details in online SI),
Fig. 6. The complex viscosity of a polymer solution as a func-
tion of frequency can be obtained from micro-rheology, which
we performed using 980 nm polystyrene tracers (Fig. S8). The
Cox-Merz rule [28] states that this should be almost identi-
cal to the viscosity as a function of shear rate. Such micro-
rheology data at 104 s�1 as a function of polymer concentra-
tion are also shown in Fig. 6. Dramatic shear thinning is
evident, although not quite to the viscosity of pure bu↵er.

The ⌘0(c) deduced from swimming data does not coincide
with that from micro-rheology. There are many possible rea-
sons for this. The viscosity seen by a ⇠ 1µm oscillating bead
in an rg ⇡ 60 nm polymer solution will not be the same as
that seen by a d ⇡ 40 nm-thick slender body in unidirectional
rotation. Moreover, the Cox-Merz rule is only verified for the
linear, and not the non-linear, regime. Interestingly, halving
the concentrations in the micro-rheological ⌘0(c) data brings
them into almost perfect agreement with the result deduced
from bacterial swimming, Fig. 6. The physical picture may

be that the flagellum ‘carves’ a water channel in the polymer
solution, and some but not all segments are able to di↵use
back before another part of the flagellum reoccupies the same
space in the cycle of rotation. Such ‘depletion’ will be far
less important next to an oscillating 1µm bead. In any case,
the molecular details will be complex, but it is clearly possi-
ble to gain some insight into extreme shear thinning on the
nano-scale by using the flagellum as a nano-rheometer.

Summary and Conclusions
We have measured the average swimming speed and cell body
rotation rate in populations of E. coli bacteria swimming
in di↵erent concentrations of solutions of the linear polymer
PVP (nominal molecular weights 10kD, 40kD, 160kD and
360kD, these probably being number-averaged values) and
the branched polymer Ficoll (70kD and 400kD). We dialysed
each polymer to remove small-molecular impurities that can
be metabolised by the cells to increase their swimming speed.
Our results for all purified polymers, except PVP360k, show
that the self-propulsion can be fully accounted for using Pur-
cell’s model [18] in a newtonian liquid.

Significant deviations from newtonian behavior were
found for E. coli swimming in PVP360k solutions. Our data
show that the motion of the cell body remains newtonian,
in particular data fitting gives N

0

⇡ 3650 pN.nm for the
maximum torque generated by the ‘e↵ective motor’ rotating
a single ‘e↵ective flagellum’, which is comparable to previ-
ous measured values for single motors [19]. Thus there must
be non-newtonian e↵ects at the flagellum. We suggest that
the fast rotating flagellum, generating local shear rates of or-
der 104 s�1, stretches and aligns polymer coils in its vicinity,
leading to shear thinning. Using the flagellum as a nano-
rheometer, we back out the viscosity at �̇ ⇡ 104 s�1 as a
function of concentration. Comparison with micro-rheological
data obtained using ⇠ 1µm tracers suggest that there is a de-
pletion of polymer segments around the fast moving flagella,
possibly because coils pushed out of the way do not have time
to return fully during one cycle of flagellum rotation. We
point out that our results raise questions about the use of
macroscopic helices as models for bacterial flagella [13].

Shear thinning is not the only possible e↵ect in the vicin-
ity of a flagellum creating local deformation rates of ⇠ 104s�1.
Higher molecular weight polymers that are more viscoelastic
than PVP360k will show significant elastic e↵ects. Separately,
double-stranded DNA could be cut at a significant rate un-
der such conditions [29]. An E. coli swimming through high
molecular weight DNA solution should therefore leave behind
a trail of smaller DNA and therefore of lower-viscosity solu-
tion, making it easier for another bacterium to swim in the
wake. This may have important biomedical implications: the
mucosal lining of normal mammalian gastrointestinal tracks
and of diseased lungs can contain significant amounts of ex-
tracellular DNA. Exploration of these issues will be the next
step in seeking a complete understanding of flagellated bacte-
rial motility in polymeric solution.

Materials and Methods
Cells.We cultured K12-derived wild-type E. coli strain
AB1157 as detailed before [21, 22]. Briefly, overnight cul-
tures were grown in Luria-Bertani Broth (LB) using an orbital
shaker at 30�C and 200 rpm. A fresh culture was inoculated
as 1:100 dilution of overnight grown cells in 35ml tryptone
broth (TB) and grown for 4 h (to late exponential phase).
Cells were washed three times with in motility bu↵er (MB,
pH = 7.0, 6.2 mM K

2

HPO
4

, 3.8 mM KH
2

PO
4

, 67 mM NaCl
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A simple model for the reaction-driven propulsion of a small device is proposed as a model for (part of)
a molecular machine in aqueous media. The motion of the device is driven by an asymmetric distribution
of reaction products. The propulsive velocity of the device is calculated as well as the scale of the velocity
fluctuations. The effects of hydrodynamic flow as well as a number of different scenarios for the kinetics
of the reaction are addressed.
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Molecular motors are machines that convert chemical
energy to mechanical work [1,2]. Examples are the cyto-
plasmic motors that move along biological (protein) tracks
in the cell by converting the energy released upon ATP
hydrolysis into mechanical work [3,4]. These complex
machines act as the inspiration for the design of macro-
molecular devices [5] with the ability to sort, sense, and
transport material in chip-sized laboratories [6]. Conse-
quently, a major area of current chemical research is the
construction of much simpler molecular machines for
nanotechnological applications [7].

In this spirit, we study in this Letter a simple model of a
self-propelling device driven by chemical reactions on its
surface. It is simple enough that not only is the construction
using chemical techniques feasible, but it should also be
possible to change parameters in order to optimize particu-
lar features or functions.

We consider a spherical particle (colloid or vesicle) of
radius R that has a single enzymatic site located on its
surface at a fixed position, as sketched in Fig. 1. In the
presence of a reactive substrate in a nonequilibrium state,
the enzyme promotes the reaction rate in its vicinity and
produces a dynamic and asymmetric distribution of prod-
uct particles of (hydrodynamic) diameter a ! R which
exert osmotic or interfacial forces (depending on the
boundary properties) and hence propel the sphere in a fixed
direction. We consider both uniform and periodic reactions
and calculate the propulsive velocity of the sphere. We find
that the velocity of propulsion is set by the size of the
product particles, the properties on the boundary, and the
reaction rate. Upon considering the variations in the rate
particle release (and taking account of density fluctua-
tions), we find that the ratio of the mean-square velocity
fluctuations to the mean velocity depends on the ratio of the
time for a product particle to diffuse a distance R to the
typical time between the production of successive product
particles.

The reaction site on the sphere, located at rs " #ẑR
(see Fig. 1), is an enzyme catalyzing the breakup of an

available substrate into two product particles. If one of the
product particles is similar in size to the original substrate
(see below), we can assume that the reaction site effec-
tively acts as a source of excess particles that are being
released at the reaction site at a rate dNp$t%

dt , and the diffusion
equation for the density of the excess product particles can
be written as

@t!$r; t% #Dr2!$r; t% " dNp$t%
dt

"3$r# rs%; (1)

where D is the diffusion constant of these particles. The
density profile can be obtained from Eq. (1) subject to the
boundary condition of vanishing normal current on the
surface of the sphere, r̂ &r!jsphere " 0.

The resulting distribution of product particles around the
sphere is asymmetric, with a nonzero first moment of
!1$t% "

R#
0 sin$d$ cos$!$r " R;$; t%, leading to phoretic

motion of the sphere. It is well known that colloidal
particles in externally imposed solute gradients will be
set in motion by a variety of phoretic mechanisms [8].
Here, in contrast, the gradient (of products) is self-
generated [9] by the device itself. We thus obtain a general

a

y

z

x

θ=π

R

ENZYMATIC SITE  

FIG. 1 (color online). The spherical particle with a reaction
site.
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Molecular motors are machines that convert chemical
energy to mechanical work [1,2]. Examples are the cyto-
plasmic motors that move along biological (protein) tracks
in the cell by converting the energy released upon ATP
hydrolysis into mechanical work [3,4]. These complex
machines act as the inspiration for the design of macro-
molecular devices [5] with the ability to sort, sense, and
transport material in chip-sized laboratories [6]. Conse-
quently, a major area of current chemical research is the
construction of much simpler molecular machines for
nanotechnological applications [7].

In this spirit, we study in this Letter a simple model of a
self-propelling device driven by chemical reactions on its
surface. It is simple enough that not only is the construction
using chemical techniques feasible, but it should also be
possible to change parameters in order to optimize particu-
lar features or functions.

We consider a spherical particle (colloid or vesicle) of
radius R that has a single enzymatic site located on its
surface at a fixed position, as sketched in Fig. 1. In the
presence of a reactive substrate in a nonequilibrium state,
the enzyme promotes the reaction rate in its vicinity and
produces a dynamic and asymmetric distribution of prod-
uct particles of (hydrodynamic) diameter a ! R which
exert osmotic or interfacial forces (depending on the
boundary properties) and hence propel the sphere in a fixed
direction. We consider both uniform and periodic reactions
and calculate the propulsive velocity of the sphere. We find
that the velocity of propulsion is set by the size of the
product particles, the properties on the boundary, and the
reaction rate. Upon considering the variations in the rate
particle release (and taking account of density fluctua-
tions), we find that the ratio of the mean-square velocity
fluctuations to the mean velocity depends on the ratio of the
time for a product particle to diffuse a distance R to the
typical time between the production of successive product
particles.

The reaction site on the sphere, located at rs " #ẑR
(see Fig. 1), is an enzyme catalyzing the breakup of an

available substrate into two product particles. If one of the
product particles is similar in size to the original substrate
(see below), we can assume that the reaction site effec-
tively acts as a source of excess particles that are being
released at the reaction site at a rate dNp$t%

dt , and the diffusion
equation for the density of the excess product particles can
be written as

@t!$r; t% #Dr2!$r; t% " dNp$t%
dt

"3$r# rs%; (1)

where D is the diffusion constant of these particles. The
density profile can be obtained from Eq. (1) subject to the
boundary condition of vanishing normal current on the
surface of the sphere, r̂ &r!jsphere " 0.

The resulting distribution of product particles around the
sphere is asymmetric, with a nonzero first moment of
!1$t% "

R#
0 sin$d$ cos$!$r " R;$; t%, leading to phoretic

motion of the sphere. It is well known that colloidal
particles in externally imposed solute gradients will be
set in motion by a variety of phoretic mechanisms [8].
Here, in contrast, the gradient (of products) is self-
generated [9] by the device itself. We thus obtain a general
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FIG. 1 (color online). The spherical particle with a reaction
site.
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(Self) diffusiophoresis in gradient of catalytic decomposition product
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Surface slip velocity = f(rc)

Swimmer with specified velocity field on surface …
‘Squirmer’
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Fig. 1 to give a diagrammatic guide to many interesting groups of microorganisms
possessing flagella (all included within the central circle) and to related groups of
organisms. The definite boundary in the form of a circular arc separating
prokaryotes from eukaryotes recognizes the sharpness of that distinction.
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FIG. 1. A general overview of microorganisms with flagella and related organisms

Amongst the eukaryotes, however, there are rather fine gradations between
the organisms most plant-like in character shown on the left and those most
animal-like in character shown on the right. A region of overlap between spheres
of interest of the botanists and the zoologists is particularly evident in the middle
column, where seven different groups of organisms are noted each of which is
studied by zoologists as an order within the flagellate protozoans and by botanists
as part of a class of algae. Throughout Fig. 1, a class or an order is indicated in
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Coordinated cilia beating (metachronal wave) → surface v field
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Proof from ‘Lorentz reciprocal theorem’
e.g. Stone & Samuel PRL 77 (1996) 4102
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from Pt to Au for charge balance (Scheme 1). In solutions of low
ionic strength, the movement of protons would occur primarily
in the electrical double layer at the metal-solution interface,
resulting in the electroosmotic flow of water molecules from Pt
to Au. By Galilean invariance, the displacement of water toward
the Au end of the nanorod is equivalent to nanorod movement
through the fluid in the opposite (observed) direction. We
estimated that the 10-20 µm/s axial velocity of the rod could
be accounted for if only a few percent of the observed oxygen
evolution rate was due to the bipolar electrochemical mecha-
nism.10
Two subsequent studies provided corroborating evidence for

this electrokinetic mechanism. First, we found that fluid and
tracer particle pumping on Ag-patterned Au surfaces occurred
in H2O2 solutions. The direction of motion of negatively and
positively charged tracer particles and the strong salt dependence
of tracer particle speed were consistent with anodic and cathodic
half reactions occurring on Au and Ag surfaces, respectively.
Second, Mano and Heller showed that carbon fibers derivatized
at two ends with “wired” redox enzymes could be propelled by
the bipolar oxidation of glucose and the reduction of oxygen.11
When an insulating layer was added to disconnect the redox
enzymes from each other, no fiber movement was observed.
In the case of bimetallic nanorods, it has been difficult to

determine which of the plausible mechanisms is the dominant
one. At least two mechanisms (interfacial tension and self-
electrophoresis) appear capable of generating axial forces in the
0.01-0.03pNrangeobserved, andothers (diffusiophoresis, recoil,
viscous Brownian ratchet) could contribute significantly under
certain conditions. Direct measurements of electrocatalytic
reaction rates as currents, which are possible on the 20-100 µm
length scale of catalytic micropumps,12 are difficult on the 1-2
µm scale of bimetallic nanorods. However, it is relatively
straightforward to determine the potential at which the rates of
reactions 1 and2 and anyother half cell reactions that are operative
in the system are exactly balanced for a given catalytic metal
surface. This is the mixed potential at which the net current is
zero. If these mixed potential values are known for both of the
metals that make up a bimetallic nanorod, then the direction of
current flow, and therefore the direction of motion, can be

predicted. Aside from Pt and Au, a number of relatively noble
metals are catalytically active inH2O2 reduction and oxidation.13
In this article, we correlate measurements of the mixed

potentials of individual catalytic metals (Pt, Pd, Ni, Au, Ru, and
Rh)with the direction ofmotion of bimetallic nanorods in aqueous
H2O2. The strong correlation between the predicted and observed
direction of motion for combinations of these metals provides
good evidence that bipolar electrochemistry is the dominant factor
in generating the axial force experienced by bimetallic nanorods
in H2O2 solutions. In this electrokinetic propulsion mechanism,
internal electron flow from one end of the nanorod to the other
is required for movement. In the other possible mechanisms,
oxygen evolution but not current is required. Therefore, another
test of the electrokinetic mechanism is to fabricate nanorods that
catalyze the overall reaction (3) at a comparable rate but in an
insulating nanorod. We also report here the fabrication of poly-
(pyrrole)-Aunanorods (Ppy-Au) inwhich thepolymer segments
contain catalase, an enzyme that performs reaction 3 without
exchanging electrons with its surroundings. Although the rate of
oxygen evolution is similar to that of Au-Pt nanorods of the
same dimensions, these nanorods exhibit only Brownian move-
ment in H2O2 solutions. This is further evidence that the axial
forces generated by other mechanisms are small compared to
self-electrophoretic forces.

Experimental Section
Preparation, Characterization, and Tracking of Bimetallic

Nanorods. Bimetallic nanorods were made by an electroplating
method as described elsewhere in detail.14 Anodic alumina mem-
branes (Whatman Inc., NJ, 2 cm diameter) containing cylindrical
pores (nominally 200nm indiameter)were employed as the templates
for nanowire growth. The diameter of the nanowires made from this
membrane was 370 nm. A thin sacrificial layer (300 nm) of Ag was
evaporated onto the branched side of the membranes to serve as the
working electrode contact. A Pt wire (0.3 mm diameter) was used
as the counter electrode, and a 3-mm-diameter Ag/AgCl (3MNaCl)
electrode (BAS) was used as the reference electrode. Deionized
water (18 MΩ cm) purified by a Barnstead Nanopure system was
used in all experiments. Approximately 8-10 µm of additional
sacrificialAgwas electroplated into themembrane at a current density
of 1.6 mA/cm2 to fill the branched section of the pore. The
electrodeposition was done in galvanostatic mode using a Pine
Instruments bipotentiostat, model AFCBP1. Pt, Pd, Ni, Ag, Au, Ru,
andRhnanowire segmentswere grownusing commercially available
plating solutions obtained fromTechnic Inc. TheCoplating condition
was 7.15 gof cobalt(II) sulfate/8.54 g sodiumcitrate tribasic dihydrate
in 100 mL of H2O. To achieve 1-µm-long nanowire segments, Co
was plated at -1.15 V for 30 min; Ag was electroplated at -1.6
mA/cm2 for 5 min; Pt was plated at -1.6 mA/cm2 for 40 min; Au
was plated at -1.1 mA/cm2 for 10 min; Ni was plated at -1.1
mA/cm2 for 25 min; Pd was plated at-1.6 mA/cm2 for 25 min; Rh
was plated at -2 mA/cm2 for 80 min; and Ru was plated at -0.63
V for 30 min. After electroplating, the nanorod-filled membranes
were immersed in 5MHNO3 to dissolve the Ag sacrificial layer and
then immersed in 5 M NaOH to dissolve the alumina membrane.
Then the nanorods were centrifuged and rinsed in deionized water
four to six times to remove the remainingNaOH.Metals that dissolve
in HNO3 (Pd, Ag, and Co) were plated last and were therefore
protected by a layer of the other metal in the step in which the Ag
sacrificial layer was dissolved. In this case, 5 M HNO3 was added
to one side of the membrane only. After removal of the template,
the rods were suspended and stored in deionized water.
FE-SEM images were obtained from JEOL 6700F FE-SEM at 5

kV, 20 µA. TEM images were obtained with a JEOL 1200EXII at
(8) Catchmark, J. M.; Subramanian, S.; Sen, A. Small 2005, 1, 202-6.
(9) Dhar, P.; Fischer, Th. M.; Wang, Y.; Mallouk, T. E.; Paxton, W. F.; Sen,

A. Nano Lett. 2006, 6, 66-72.
(10) Paxton, W. F.; Sen, A.; Mallouk, T. Chem.sEur. J. 2005, 11, 6462-

6470.
(11) Mano, N.; Heller, A. J. Am. Chem. Soc. 2005, 127, 11574.
(12) Paxton, W. F.; Baker, P. T.; Kline, T. R.; Wang, Y.; Sen, A.; Mallouk,

T. E., submitted for publication.

(13) Schumb, W.; Satterfield, W. C.; Wentworth, R. L. Hydrogen Peroxide;
Reinhold: New York, 1955.
(14) Martin, B. R.; Dermody D. J.; Reiss, B. D.; Fang, M.; Lyon, L. A.; Natan,

M. J.; Mallouk, T. E. AdV. Mater. 1999, 11, 1021-1025.

Scheme 1. Bipolar Electrochemical Decomposition of H2O2
at a Pt-Au Nanoroda

a In the electrokinetic mechanism, H+moves from the anode end
to the cathode end of the rod, resulting in nanorod motion in the
opposite direction.We find thatwhereas the electrokineticmechanism
is essentially correct the dominant cathode half reaction is actually
oxygen reduction rather than H2O2 reduction.

10452 Langmuir, Vol. 22, No. 25, 2006 Wang et al.

Self electrophoresis mechanism
Wang et al., Langmuir (2006)



Thermophoresis: migration in temperature gradient

Laser heating

Uneven heating = temperature gradient

(Jiang et al., PRL (2010))



Concentration & temperature together

Tunable Active Brownian Motion 9

Figure 1. Active Brownian micro-swimmers in a critical binary mixture. (a)
Schematic cartoon explaining the self-propulsion mechanism: a Janus particle gets
illuminated, the cap is heated above Tc inducing a local demixing that eventually
propels the particle. (b) A schematic phase diagram for water-2,6-lutidine. The insets
are bright-field microscopy pictures of the mixed (i) and the demixed (ii) phase at the
critical concentration.

Figure 2. Light-induced Heating. Temperature increase ∆T in the equatorial plane
of a Janus particle with R = (a) 0.5, (b) 1 and (c) 2 µm. In all cases, the dashed line
profiles the contour of the particle, the cap is on the left side and I = 1µW/µm2.
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Figure 1. Active Brownian micro-swimmers in a critical binary mixture. (a)
Schematic cartoon explaining the self-propulsion mechanism: a Janus particle gets
illuminated, the cap is heated above Tc inducing a local demixing that eventually
propels the particle. (b) A schematic phase diagram for water-2,6-lutidine. The insets
are bright-field microscopy pictures of the mixed (i) and the demixed (ii) phase at the
critical concentration.

Figure 2. Light-induced Heating. Temperature increase ∆T in the equatorial plane
of a Janus particle with R = (a) 0.5, (b) 1 and (c) 2 µm. In all cases, the dashed line
profiles the contour of the particle, the cap is on the left side and I = 1µW/µm2.

Bechinger Soft Matter (2011); arXiv:1110.2202v3



Hotter → demixing

Functionalised with SAM displaying
hydrophobic  or  hydrophilic end groups

Au SiO2

Changes direction of lutidine gradient
Tunable Active Brownian Motion 10

Figure 3. Demixed regions around illuminated Janus particles. (a) Distribution of the
lutidine-rich phase (yellow), labelled with a hydrophobic dye (Rhodamin 6G), around a
Janus particle with hydrophilic gold cap (bright half-moon shape) under illumination.
(b) Same as (a) for a Janus particle with hydrophobic gold cap. Since the size of the
demixed regions depends on the illumination intensity, the latter is set significantly
higher than in the other experiments we present (10µW/µm2 in order to visualize
better the gradient.

Figure 4. (a) Velocity (v) of self-propelled Janus particles as a function of the
illumination intensity. (b-d) Crossing time (τ) for particles with radius R = (b) 2.13,
(c) 1.0 and (d) 0.5 µm.
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Table 1 Significant micro scale swimming devices classified according to type, and in chronological order

A: Experimentally realised autonomous chemically powered swimmers
Swimmer Schematic/Micrograph Dimensions Catalyst Fuel Mechanisms Swim in: Max. Velocity
(A1) Whitesides and
co-workers8

1 cm length Pt H2O2 Bubble propulsion Aqueous meniscus 2 cm s!1

(A2) Sen and
co-workers9

Diameter: 370 nm Pt (+cathodic
reactions at Au)

H2O2 Self electrophoresis/
Interfacial tension

Settled near
boundary in
aqueous solution

6.6 mm s!1

Length: 2 mm

(A3) Howse et al.14 Diameter: 1.62 mm Pt H2O2 Pure self
diffusiophoresis

Free aqueous
solution

3 mm s!1a

(A4) Mano and Heller35 Diameter: 7 mm Glucose oxidase
and Biliruben
oxidase

Glucose Self electrophoresis Aqueous meniscus 1 cm s!1

Length: 0.5–1 cm

(A5) Vicario et al.37 Diameter:
40–80 mm

Synthetic catalse H2O2 Bubble/interfacial Acetonitrile
solution

35 mm s!1

(A6) Wang et al.23 Diameter: 220 nm Pt (CNT)
(+cathodic
reactions at Au)

H2O2/N2H4 Self electrophoresis Settled near
boundary in
aqueous solution

>200 mm s!1

Length: 2 mm

(A7) Pantarotto et al.36 Diameter:
20–80 nm

Glucose oxidase
and catalse

Glucose Local oxygen
bubble formation

Free aqueous buffer
solution

0.2–0.8 cm s!1

Length: 0.5–5 mm

728
|

Soft
M

atter,
2010,

6
,

726–738
Th

is
jo

u
rn

al
is

ª
Th

e
R

o
yal

So
ciety

o
f

C
h

em
istry

2010



Propulsion of a Molecular Machine by Asymmetric Distribution of Reaction Products
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A simple model for the reaction-driven propulsion of a small device is proposed as a model for (part of)
a molecular machine in aqueous media. The motion of the device is driven by an asymmetric distribution
of reaction products. The propulsive velocity of the device is calculated as well as the scale of the velocity
fluctuations. The effects of hydrodynamic flow as well as a number of different scenarios for the kinetics
of the reaction are addressed.
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Molecular motors are machines that convert chemical
energy to mechanical work [1,2]. Examples are the cyto-
plasmic motors that move along biological (protein) tracks
in the cell by converting the energy released upon ATP
hydrolysis into mechanical work [3,4]. These complex
machines act as the inspiration for the design of macro-
molecular devices [5] with the ability to sort, sense, and
transport material in chip-sized laboratories [6]. Conse-
quently, a major area of current chemical research is the
construction of much simpler molecular machines for
nanotechnological applications [7].

In this spirit, we study in this Letter a simple model of a
self-propelling device driven by chemical reactions on its
surface. It is simple enough that not only is the construction
using chemical techniques feasible, but it should also be
possible to change parameters in order to optimize particu-
lar features or functions.

We consider a spherical particle (colloid or vesicle) of
radius R that has a single enzymatic site located on its
surface at a fixed position, as sketched in Fig. 1. In the
presence of a reactive substrate in a nonequilibrium state,
the enzyme promotes the reaction rate in its vicinity and
produces a dynamic and asymmetric distribution of prod-
uct particles of (hydrodynamic) diameter a ! R which
exert osmotic or interfacial forces (depending on the
boundary properties) and hence propel the sphere in a fixed
direction. We consider both uniform and periodic reactions
and calculate the propulsive velocity of the sphere. We find
that the velocity of propulsion is set by the size of the
product particles, the properties on the boundary, and the
reaction rate. Upon considering the variations in the rate
particle release (and taking account of density fluctua-
tions), we find that the ratio of the mean-square velocity
fluctuations to the mean velocity depends on the ratio of the
time for a product particle to diffuse a distance R to the
typical time between the production of successive product
particles.

The reaction site on the sphere, located at rs " #ẑR
(see Fig. 1), is an enzyme catalyzing the breakup of an

available substrate into two product particles. If one of the
product particles is similar in size to the original substrate
(see below), we can assume that the reaction site effec-
tively acts as a source of excess particles that are being
released at the reaction site at a rate dNp$t%

dt , and the diffusion
equation for the density of the excess product particles can
be written as

@t!$r; t% #Dr2!$r; t% " dNp$t%
dt

"3$r# rs%; (1)

where D is the diffusion constant of these particles. The
density profile can be obtained from Eq. (1) subject to the
boundary condition of vanishing normal current on the
surface of the sphere, r̂ &r!jsphere " 0.

The resulting distribution of product particles around the
sphere is asymmetric, with a nonzero first moment of
!1$t% "

R#
0 sin$d$ cos$!$r " R;$; t%, leading to phoretic

motion of the sphere. It is well known that colloidal
particles in externally imposed solute gradients will be
set in motion by a variety of phoretic mechanisms [8].
Here, in contrast, the gradient (of products) is self-
generated [9] by the device itself. We thus obtain a general
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FIG. 1 (color online). The spherical particle with a reaction
site.
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Molecular motors are machines that convert chemical
energy to mechanical work [1,2]. Examples are the cyto-
plasmic motors that move along biological (protein) tracks
in the cell by converting the energy released upon ATP
hydrolysis into mechanical work [3,4]. These complex
machines act as the inspiration for the design of macro-
molecular devices [5] with the ability to sort, sense, and
transport material in chip-sized laboratories [6]. Conse-
quently, a major area of current chemical research is the
construction of much simpler molecular machines for
nanotechnological applications [7].

In this spirit, we study in this Letter a simple model of a
self-propelling device driven by chemical reactions on its
surface. It is simple enough that not only is the construction
using chemical techniques feasible, but it should also be
possible to change parameters in order to optimize particu-
lar features or functions.

We consider a spherical particle (colloid or vesicle) of
radius R that has a single enzymatic site located on its
surface at a fixed position, as sketched in Fig. 1. In the
presence of a reactive substrate in a nonequilibrium state,
the enzyme promotes the reaction rate in its vicinity and
produces a dynamic and asymmetric distribution of prod-
uct particles of (hydrodynamic) diameter a ! R which
exert osmotic or interfacial forces (depending on the
boundary properties) and hence propel the sphere in a fixed
direction. We consider both uniform and periodic reactions
and calculate the propulsive velocity of the sphere. We find
that the velocity of propulsion is set by the size of the
product particles, the properties on the boundary, and the
reaction rate. Upon considering the variations in the rate
particle release (and taking account of density fluctua-
tions), we find that the ratio of the mean-square velocity
fluctuations to the mean velocity depends on the ratio of the
time for a product particle to diffuse a distance R to the
typical time between the production of successive product
particles.

The reaction site on the sphere, located at rs " #ẑR
(see Fig. 1), is an enzyme catalyzing the breakup of an

available substrate into two product particles. If one of the
product particles is similar in size to the original substrate
(see below), we can assume that the reaction site effec-
tively acts as a source of excess particles that are being
released at the reaction site at a rate dNp$t%

dt , and the diffusion
equation for the density of the excess product particles can
be written as

@t!$r; t% #Dr2!$r; t% " dNp$t%
dt

"3$r# rs%; (1)

where D is the diffusion constant of these particles. The
density profile can be obtained from Eq. (1) subject to the
boundary condition of vanishing normal current on the
surface of the sphere, r̂ &r!jsphere " 0.

The resulting distribution of product particles around the
sphere is asymmetric, with a nonzero first moment of
!1$t% "

R#
0 sin$d$ cos$!$r " R;$; t%, leading to phoretic

motion of the sphere. It is well known that colloidal
particles in externally imposed solute gradients will be
set in motion by a variety of phoretic mechanisms [8].
Here, in contrast, the gradient (of products) is self-
generated [9] by the device itself. We thus obtain a general
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Physical realisation

Polystyrene particles half-coated with Pt
Dispersed in H2O2

Self-Motile Colloidal Particles: From Directed Propulsion to Random Walk
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The motion of an artificial microscale swimmer that uses a chemical reaction catalyzed on its own
surface to achieve autonomous propulsion is fully characterized experimentally. It is shown that at short
times it has a substantial component of directed motion, with a velocity that depends on the concentration
of fuel molecules. At longer times, the motion reverts to a random walk with a substantially enhanced
diffusion coefficient. Our results suggest strategies for designing artificial chemotactic systems.
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The directed propulsion of small scale objects in water is
problematic because of the combination of low Reynolds
number and Brownian motion on these length scales [1]. In
order to achieve an artificial microscale or nanoscale
swimmer that is able to propel itself in a purposeful way,
one needs both a swimming strategy that works in the
environment of low Reynolds number [2] and a strategy
for steering and directing the motion that can overcome the
ubiquity of Brownian motion. Common bacteria, such as
E. coli, achieve propulsion by non-time-reversible motion
of long flagella, and employ a ‘‘run and tumble’’ strategy to
be able to swim towards or away from environmental
stimuli [3].

One possibility for designing propulsion is to devise
nonreciprocal deformation strategies that are simple
enough to be realizable [4]. Recently, an interesting ex-
ample of such robotic microswimmers has been made
using magnetic colloids attached by DNA linkers, and
controlled by an external oscillatory magnetic field [5].
Another possibility is to take advantage of phoretic effects,
where gradients of fields such as concentration, tempera-
ture, electric field, etc., couple to the surface properties of
particles to create slip velocity patterns that could lead to
net propulsion [6].

A particularly appealing strategy for propelling small
devices is to take advantage of chemical reactions [7]. In a
pioneering experiment, Paxton et al. observed autonomous
motion of platinum-gold nanorods [8], and similar experi-
ments have been performed by Fournier-Bodoz et al. who
used gold-nickel nanorods [9] and Mano and Heller who
used enzymes [10]. One simple strategy for converting
chemical energy to mechanical work in such devices has
been proposed by one of us and collaborators [11,12]. In
this scheme, a spherical particle is considered with an
asymmetric distribution of catalyst on its surface. If the
chemical reaction so catalyzed produces more products
than it has reactants, then the asymmetric distribution of
reaction products propels the particle by a process of self
diffusiophoresis. The experimentally realized swimmers

mentioned above are very similar in setup to the one
proposed in Ref. [11]. However, it seems that the driving
mechanism for the propulsion in these experiment is differ-
ent as it depends strongly on the presence of a (bi-metal or
bio-) electrocatalytic structure [13]. It is suggested that the
pair of electrochemical reactions at the two poles create a
lateral electric field near the particle surface (due to elec-
tron transfer) that could move the solvent via electro-
osmosis [13].

Here we have realized the scheme proposed in Ref. [11]
experimentally by taking polystyrene spheres with narrow
size distributions with a diameter of 1:62 !m, and coating
one side of the spheres with platinum keeping the second
half as the nonconducting polystyrene. The platinum cata-
lyzes the reduction of a ‘‘fuel’’ of hydrogen peroxide to
oxygen and water, which produces more molecules of
reaction product than consumed fuel. We fully characterize
the motion of the artificial microscale swimmer using
particle tracking, and probe the properties of the motion
as a function of hydrogen peroxide concentration. We show
that at short times, the particles move predominantly in a
directed way, with a velocity that depends on the concen-
tration of the fuel molecules with a Michaelis-Menten
behavior. At longer times, the motion reverts to a random
walk, in which runs of directed motion are interrupted by
random changes of direction. We also extract the positional
and the rotational diffusion coefficients and show that they
are consistent with theoretical predictions, with the rota-
tional diffusion featuring a moderate concentration depen-
dence that could be attributed to directed rotational
components in the motion.

Polystyrene microspheres were produced as described
by Fujii et al. [14]. The weight-average diameter of the
microspheres was determined by dynamic light scattering
to be 1:62" 0:13 !m, with a polydispersity index of
1.008. To half-coat the spheres [15] in platinum, a dilute
suspension (0.05 wt%) of the spheres in isopropanol (high-
performance liquid chromatography grade—Fischer) was
drawn over cleaned glass microscope slides to produce a
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or concentration gradient within an otherwise homogeneous

medium it would be able to move via ‘‘self-phoresis’’. While this

effect has remained unproven in the original suggested context,

as a plausible mechanism for moving cells,11 self-phoresis has

been used recently as the inspiration for designing a whole class

of artificial micron scale swimming devices.

The feasibility of a self-generated concentration gradient

propelling an object was initially demonstrated by the theoretical

investigation of the fluid flows generated by a spherical particle

with an asymmetric surface distribution of a catalyst able to

decompose near by solute molecules.13

Inspired by this scheme, Howse et al. synthesised Janus

particles (named after the two-faced Greek god) to verify the self-

diffusiophoretic propulsion mechanism. The particles comprised

a thin layer of platinum deposited on one side of spherical

polystyrene beads (1.6 mm diameter), Table 1, A3.14 Platinum

was chosen due to its ability to catalytically decompose aqueous

hydrogen peroxide solutions into oxygen and water, and so

generate and maintain a concentration gradient in the interfacial

region. The Janus particle trajectories were compared with

equivalent pure polystyrene control spheres at different

hydrogen peroxide concentrations, Fig. 1(a). From these plots it

is apparent that asymmetric particles follow increasingly long

paths and sample more of their surroundings in a given time

period as hydrogen peroxide fuel concentration increases.

Theory has been used to develop an equation to quantify the

temporal evolution (Dt) of the mean-square displacements (DL2)

of such propelling Janus particles, in relation to their

conventional Brownian diffusion coefficient (D), rotational time

(sr) and velocity (V),

DL2 ¼ 4DDtþ V 2s2
r

2

!
2Dt

sr

þ e#2Dt=sr # 1

"

Analysis of this equation shows two expected temporal behavi-

ours: for Dt$ sr the limit of the equation becomes DL2¼ 4DDt +

V2Dt2, introducing an additional quadratic term to the usual

linear equation of Brownian motion, with an exponent corre-

sponding to the square of the propulsion velocity; while for Dt

[ sr the limiting equation becomes DL2 ¼ (4D + V2 sr)Dt

reverting to linear hehaviour, but with a new enhanced effective

diffusion coeficient, Deff ¼ 4D+ V2 sr. This behaviour was indeed

demonstrated by analysis of the mean-square displacement of the

synthetic Janus particles, Fig. 1(b). Fitting the experimental data

to this equation shows that self-diffusiophoresis results in an

additional propulsion velocity of 3 mm s#1 at the maximum

investigated fuel concentration (10% w/v hydrogen peroxide)

corresponding to a thirty fold increase in the effective diffusion

rate. While quantitative particle tracking has been limited to two-

dimensions, particle movements relative to the microscope’s

focal plane suggests that the diffusion enhancement applied to all

three-dimensions, consistent with the isotropic nature of the

propulsion model.15

Two-dimensional trajectory analysis also reveals the Janus

particles exhibit faster Brownian rotational diffusion at higher

fuel concentrations, attributable to asymmetries in the platinum

distribution across the coated side. This correlation partially

suppresses the diffusion coefficient enhancement (i.e. particles

change direction more often than they would do if Brownian

rotation remained completely independent of the propulsion). As

yet, the direction of the propulsive motion of the experimental

Janus particles relative to the orientation of the asymmetric

platinum coating, (i.e. if it moves towards or away from the

interfacial catalytic decomposition product cloud) has not been

unambiguously determined.

Since this experimental proof, the analysis used to predict the

self-diffusiophoretic swimmer has been extended.16 It turns out

that the propulsive force and direction of a hemi-spherically

heterogeneous swimmer will be affected both by the difference in

catalytic activity of the two halves, and also by their surface

mobilities. Similarly, numerical simulations of a dimer

comprising a catalytically active sphere and an inert sphere show

that the interaction of product and reagent ‘‘particles’’ with the

inert sphere must differ for phoretic motion to occur, and that

the relative interaction strength controls the direction of

motion.17 As surface mobility can be controlled by engineering

nano-scale roughness and solvophobicity, this opens up the

potential to design a range of swimmers exhibiting a variety of

speeds and directions of motion.

While the self-diffusiophoresis model proposed above

considers the interfacial region of the propelling particle, a more

general model for osmotic motors, not limited to a boundary

region limit has been developed.18 This model suggests the

maximum osmotic propulsion velocity for fast catalytic reactions

is limited by the diffusive speed of the surrounding particles: if

a swimmer moves faster than this it will leave the generated

asymmetrical particle distribution behind and so lose the

propulsive mechanism. Debate over the thermodynamics and

Fig. 1 (a) Trajectories of pure polystyrene control beads and hemi-

spherically functionalised Pt beads as a function of hydrogen peroxide

concentration. (b) Mean square displacement versus time plots for

a platinum Janus particle swimming in a 10% w/v hydrogen peroxide

solution together with the associated trajectory. A parabolic relationship

is seen over short time scales (<sr) due to directed runs. At longer time

scales (>sr) a linear, diffusive type relationship is re-established but with

a much increased gradient due to super-diffusion resulting from the

propulsive force. (From ref. 14.)
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is limited by the diffusive speed of the surrounding particles: if

a swimmer moves faster than this it will leave the generated

asymmetrical particle distribution behind and so lose the

propulsive mechanism. Debate over the thermodynamics and

Fig. 1 (a) Trajectories of pure polystyrene control beads and hemi-

spherically functionalised Pt beads as a function of hydrogen peroxide

concentration. (b) Mean square displacement versus time plots for

a platinum Janus particle swimming in a 10% w/v hydrogen peroxide

solution together with the associated trajectory. A parabolic relationship

is seen over short time scales (<sr) due to directed runs. At longer time

scales (>sr) a linear, diffusive type relationship is re-established but with

a much increased gradient due to super-diffusion resulting from the
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FIG. 1. (Color online) Experimental results for the swimming
velocity as a function of the radius of the colloidal sphere. The solid
line is a plot of Eq. (1) with T = 293 K, η = 1.0 × 10−3 Pa s, C∞ =
3.0 M (10% w/v), and λeff = 0.62 Å (the only fitting parameter).
Inset: The same results in log-log form.

by the translational diffusion coefficient D = kBT /(6πηR).
The persistence in the orientation of the propulsion decays
after the rotational diffusion time τR = 8πηR3/kBT . Videos
of 30-s duration of many different Janus particles for each
diameter were recorded using a Nikon microscope. The
trajectory of each particle was subsequently determined
using custom-built LABVIEW image analysis software, and
the resulting quantitative mean-square displacements (%L2)
as a function of the time step (%t) were analyzed to
determine the intrinsic propulsion velocities (V ) [24]. This was
achieved by fitting the mean-square displacement data to an
approximate quadratic expression for swimmer displacements
%L2 = 4D%t + V 2%t2, which is valid while t $ τR [7]. The
%t ranges fitted were adjusted as far as experimentally possible
to ensure this latter condition was satisfied (radius, fitted range,
and percentage of τR: 0.25 µm; %t = 0.022 s, 22.7%; 0.5 µm;
%t = 0.133 s, 17.2%; 1 µm; %t = 0.133 s, 2.1%; 2.5 µm;
%t = 1 s, 1%; 5 µm; %t = 4 s, 0.51%). For small particles, a
maximum video frame capture rate of 66 Hz imposed a limit
on the shortest time period that could be fitted. Theoretical
values for D were used to constrain the fits. We note that the
majority of the data was taken in the solution with the focal
plane situated in the middle of a 1-mm path-length cuvette.

The resulting swimming velocities obtained by performing
a trajectory analysis for Janus particles half coated with a
platinum catalyst in 10% H2O2 with radii in the range of
0.25–5 µm are shown in Fig. 1. We observe that the velocity
of the active colloids decreases as their size increases. This
appears to contradict the expectation that the velocity of
self-diffusiophoretic swimmers is independent of size, and
is only controlled by the activity, which is a measure of
the effective rate of activity for the catalytic reaction, the
mobility, which is controlled by the interaction of the solute
molecules with the surface of the colloid, and the diffusion
coefficient of the solute [5]. This is, however, only a statement
about the contribution of size to the swimming velocity
due to hydrodynamics. The key to resolving this apparent
contradiction is to realize that the activity, which is taken as
an effective rate of particle production per unit area, is itself

the result of a complex catalytic reaction-diffusion process
and might depend on size. To calculate this effective rate we
need to properly understand the kinetics of the reaction by
taking into account all of the molecular species involved in the
reaction, their asymmetric and localized catalytic activities on
the surface of the colloids, as well as their diffusion in the bulk.
This is what we set out to do next.

Reaction-diffusion process of the fuel molecules. We con-
sider the simplest kinetic route for the chemical reaction that
involves an intermediate process in which hydrogen peroxide
forms a complex with the platinum:

H2O2 + Pt
k1−→ Pt(H2O2)

k2−→ H2O + O + Pt. (2)

Assuming a separation of time scale between the solute
diffusion and the motion of the sphere [12], we can treat the
reaction-diffusion process of the molecules in the stationary
limit. Using the notation Chp ≡ [H2O2] and Co ≡ [O], and
ignoring advection (see below), the solutes satisfy the diffusion
equations ∇2Chp(r,θ ) = 0 and ∇2Co(r,θ ) = 0 in the bulk,
subject to the boundary conditions

−Dhp∂rChp|r=R = −k1Chp(R,θ )pfr(θ )K(θ ), (3)

−Do∂rCo|r=R = k2pcx(θ )K(θ ), (4)

at the surface of the sphere, where Dhp and Do are the diffusion
coefficients for hydrogen peroxide and oxygen, respectively.
Here, K(θ ) is the “coverage” function

K(θ ) =
{

1, 0 < θ < π
2 ,

0, π
2 < θ < π,

(5)

which describes the angular pattern of the platinum patch on
the surface of the Janus particle, pcx(θ ) is the probability
of a Pt(H2O2) complex forming at the surface, and pfr(θ )
is the probability that platinum is free. Naturally, the two
probabilities satisfy pcx + pfr = 1. The stationary state for the
two stages of the reaction of Eq. (2) requires

k1Chp(R,θ )pfr(θ ) = k2pcx(θ ), (6)

which could be used to solve for the probabilities.
Equation (6) puts a constraint on the two concentra-
tions as DhpChp(r,θ ) + DoCo(r,θ ) = DhpC∞,such that there
is only need to solve for one of the concentrations,
namely, hydrogen peroxide, which will now be subject
to the nonlinear boundary condition −Dhp∂rChp|r=R =
−k2k1Chp(R,θ )K(θ )/[k2 + k1Chp(R,θ )]. The solution of the
Laplace equation for the concentration of hydrogen per-
oxide in terms of Legendre polynomials reads Chp(r,θ ) =
C∞[1 −

∑
( B((R

r
)(+1P((cos θ )], which can be inserted in the

boundary condition to give the self-consistent equation for the
coefficients B( as

∑

(

B((( + 1)P( =

(
k1R
Dhp

)[
1 −

∑
( B(P(

]
K(θ )

1 +
(

k1C∞
k2

)[
1 −

∑
( B(P(

] . (7)

These coefficients will determine the concentration profiles
of all the solute molecules, from which we can deduce the
diffusiophoretic slip velocity as Vs = (I − nn)[µhp∇Chp +
µw∇Cw + µo∇Co] just outside the surface of the Janus sphere,
where w denotes water and n is the surface normal unit
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vector [2]. Here the surface mobility for the solute species j is
defined as µj = kBT

η

∫ ∞
0 dz z[1 − e−Wj (z)/kBT ] in terms of the

interaction potential Wj (z) between the diffusing molecules
and the surface of the colloid. Note that µw = 0, since we have
a special case in which one of the products of the reaction is the
same as the solvent. Averaging over the surface of the sphere
(using integration over the solid angle "), we can obtain the
swimming velocity of the Janus sphere as V = − 1

4π

∫
d"Vs ,

which yields

V = 2
3

(
kBT λ2

eff

η

)
C∞

R
B1

(
k1R

Dhp
,
k1C∞

k2

)
, (8)

where the effective Derjaguin length [1] is calculated as λ2
eff =∫ ∞

0 dz z{Dhp

Do
[1 − e−Wo/kBT ] − [1 − e−Whp/kBT ]}. The propul-

sion velocity depends on the concentration of the fuel and
the size of the sphere through the coefficient B1, which needs
to be solved for using Eq. (7).

Different scaling regimes. We can extract the different
asymptotic forms of the coefficient B1 by examining the
behavior of Eq. (7) in various limits. In the large size limit
when R # Dhp/k1 and R # DhpC∞/k2, Eq. (7) requires
[1 −

∑
% B%P%]K(θ ) to nearly vanish, which can be achieved

via 1 −
∑

% B%P% = α[1 − K(θ )], where α is a constant of
proportionality that can be determined numerically. Using the
expansion of the coverage function in Legendre polynomials
K(θ ) = 1

2 + 3
4P1(cos θ ) − 7

16P3(cos θ ) + · · · , we can read off
the coefficients in this limit. In particular, we find B1 $
3
4α, which yields Eq. (1), using the numerically determined
α = 0.6 (see below). When R % Dhp/k1 and C∞ % k2/k1,
Eq. (7) yields B1 $ 3

8 ( k1R
Dhp

), which gives the swimming velocity

V $ kBT λ2
effk1C∞/(4ηDhp). Similarly, when R % Dhp/k1

and C∞ # k2/k1, we obtain B1 $ 3
8 ( k2R

DhpC∞
), which yields

V $ kBT λ2
effk2/(4ηDhp). These results are summarized in

Fig. 2. We have numerically solved Eq. (7) to find B1 as a
function of the size and fuel concentration. The result is shown
in Fig. 3, and agrees with the above asymptotic analysis. The
plateau value of B1 = 0.45 in Fig. 3 yields α = 0.6.

Comparison with experiment. The strong size dependence
of the measured velocities (presented in Fig. 1) suggests that
in the current experiment the system must correspond to
region III in the diagram in Fig. 2. In this regime, the swimming
velocity could be approximately described by Eq. (1), which is
independent of the two reaction rates (that are generally very
difficult to ascertain and could be very variable), and only
depends on the Derjaguin length (in addition to other known
quantities), which we expect to be in the range of an angstrom.
The solid line in Fig. 1 shows that, in addition to the general
behavior, Eq. (1) also predicts the right order of magnitude for
the swimming velocity, with a choice of λeff = 0.62 Å for the
Derjaguin length.

The 1/R behavior is expected to saturate when R %
Dhp/k1 for C∞ % k2/k1, or R % DhpC∞/k2 for C∞ #
k2/k1 (see Fig. 2). Since we do not observe this saturation
even for R = 250 nm (and using Dhp = 1.4 × 10−9 m2 s−1),
we can estimate that in the current experiment k1 > 3.4 ×
1024 M−1 m−2 s−1, or in units where concentration is in
percentage (as in Ref. [7]) kv

1 > 1.0 × 1014 µm−2 s−1.

(I) (II)

(III)

Current Experiment

Previous Experiment

V ∼ kBTλ2
effC∞

ηR

V ∼ kBTλ2
effk1C∞

ηDhp

V ∼ kBTλ2
effk2

ηDhp

∼ 1

∼ 1

k1R
Dhp

k1C∞
k2

FIG. 2. (Color online) Three different scaling regimes for the
swimming velocity as a function of the size and fuel concentration.
The dashed lines show the crossover boundaries between the different
regimes. The dotted lines show the locations in this diagram
corresponding to the current experiment and the previous experiment
of Ref. [7].

In the previous experiment [7], where we changed the
concentration of hydrogen peroxide and not the size of the
beads, we had two constraints in our fitting for the three
parameters of λeff , kv

1, and k2, and therefore we could not
determine the values of these parameters unambiguously.
We assumed a value of λeff = 5 Å based on its expected
order of magnitude, and reported the values of kv

1 = 4.4 ×
1011 µm−2 s−1 and k2 = 4.8 × 1010 µm−2 s−1 from the fitting
[7]. If we use λeff = 0.62 Å as suggested by the current
experiment, we need to rescale both reaction rates by a factor
of (5/0.62)2 $ 65, which yields kv

1 = 2.9 × 1013 µm−2 s−1

and k2 = 3.1 × 1012 µm−2 s−1. Using R = 801 nm and the
new value for kv

1, we can estimate that k1R/Dhp = 0.5 in
the experiment of Ref. [7], suggesting that it corresponded
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FIG. 3. (Color online) The coefficient B1 that determines the
swimming velocity as shown in Eq. (8) as a function of size and
fuel concentration.
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FIG. 1. (Color online) Experimental results for the swimming
velocity as a function of the radius of the colloidal sphere. The solid
line is a plot of Eq. (1) with T = 293 K, η = 1.0 × 10−3 Pa s, C∞ =
3.0 M (10% w/v), and λeff = 0.62 Å (the only fitting parameter).
Inset: The same results in log-log form.

by the translational diffusion coefficient D = kBT /(6πηR).
The persistence in the orientation of the propulsion decays
after the rotational diffusion time τR = 8πηR3/kBT . Videos
of 30-s duration of many different Janus particles for each
diameter were recorded using a Nikon microscope. The
trajectory of each particle was subsequently determined
using custom-built LABVIEW image analysis software, and
the resulting quantitative mean-square displacements (%L2)
as a function of the time step (%t) were analyzed to
determine the intrinsic propulsion velocities (V ) [24]. This was
achieved by fitting the mean-square displacement data to an
approximate quadratic expression for swimmer displacements
%L2 = 4D%t + V 2%t2, which is valid while t $ τR [7]. The
%t ranges fitted were adjusted as far as experimentally possible
to ensure this latter condition was satisfied (radius, fitted range,
and percentage of τR: 0.25 µm; %t = 0.022 s, 22.7%; 0.5 µm;
%t = 0.133 s, 17.2%; 1 µm; %t = 0.133 s, 2.1%; 2.5 µm;
%t = 1 s, 1%; 5 µm; %t = 4 s, 0.51%). For small particles, a
maximum video frame capture rate of 66 Hz imposed a limit
on the shortest time period that could be fitted. Theoretical
values for D were used to constrain the fits. We note that the
majority of the data was taken in the solution with the focal
plane situated in the middle of a 1-mm path-length cuvette.

The resulting swimming velocities obtained by performing
a trajectory analysis for Janus particles half coated with a
platinum catalyst in 10% H2O2 with radii in the range of
0.25–5 µm are shown in Fig. 1. We observe that the velocity
of the active colloids decreases as their size increases. This
appears to contradict the expectation that the velocity of
self-diffusiophoretic swimmers is independent of size, and
is only controlled by the activity, which is a measure of
the effective rate of activity for the catalytic reaction, the
mobility, which is controlled by the interaction of the solute
molecules with the surface of the colloid, and the diffusion
coefficient of the solute [5]. This is, however, only a statement
about the contribution of size to the swimming velocity
due to hydrodynamics. The key to resolving this apparent
contradiction is to realize that the activity, which is taken as
an effective rate of particle production per unit area, is itself

the result of a complex catalytic reaction-diffusion process
and might depend on size. To calculate this effective rate we
need to properly understand the kinetics of the reaction by
taking into account all of the molecular species involved in the
reaction, their asymmetric and localized catalytic activities on
the surface of the colloids, as well as their diffusion in the bulk.
This is what we set out to do next.

Reaction-diffusion process of the fuel molecules. We con-
sider the simplest kinetic route for the chemical reaction that
involves an intermediate process in which hydrogen peroxide
forms a complex with the platinum:

H2O2 + Pt
k1−→ Pt(H2O2)

k2−→ H2O + O + Pt. (2)

Assuming a separation of time scale between the solute
diffusion and the motion of the sphere [12], we can treat the
reaction-diffusion process of the molecules in the stationary
limit. Using the notation Chp ≡ [H2O2] and Co ≡ [O], and
ignoring advection (see below), the solutes satisfy the diffusion
equations ∇2Chp(r,θ ) = 0 and ∇2Co(r,θ ) = 0 in the bulk,
subject to the boundary conditions

−Dhp∂rChp|r=R = −k1Chp(R,θ )pfr(θ )K(θ ), (3)

−Do∂rCo|r=R = k2pcx(θ )K(θ ), (4)

at the surface of the sphere, where Dhp and Do are the diffusion
coefficients for hydrogen peroxide and oxygen, respectively.
Here, K(θ ) is the “coverage” function

K(θ ) =
{

1, 0 < θ < π
2 ,

0, π
2 < θ < π,

(5)

which describes the angular pattern of the platinum patch on
the surface of the Janus particle, pcx(θ ) is the probability
of a Pt(H2O2) complex forming at the surface, and pfr(θ )
is the probability that platinum is free. Naturally, the two
probabilities satisfy pcx + pfr = 1. The stationary state for the
two stages of the reaction of Eq. (2) requires

k1Chp(R,θ )pfr(θ ) = k2pcx(θ ), (6)

which could be used to solve for the probabilities.
Equation (6) puts a constraint on the two concentra-
tions as DhpChp(r,θ ) + DoCo(r,θ ) = DhpC∞,such that there
is only need to solve for one of the concentrations,
namely, hydrogen peroxide, which will now be subject
to the nonlinear boundary condition −Dhp∂rChp|r=R =
−k2k1Chp(R,θ )K(θ )/[k2 + k1Chp(R,θ )]. The solution of the
Laplace equation for the concentration of hydrogen per-
oxide in terms of Legendre polynomials reads Chp(r,θ ) =
C∞[1 −

∑
( B((R

r
)(+1P((cos θ )], which can be inserted in the

boundary condition to give the self-consistent equation for the
coefficients B( as

∑

(

B((( + 1)P( =

(
k1R
Dhp

)[
1 −

∑
( B(P(

]
K(θ )

1 +
(

k1C∞
k2

)[
1 −

∑
( B(P(

] . (7)

These coefficients will determine the concentration profiles
of all the solute molecules, from which we can deduce the
diffusiophoretic slip velocity as Vs = (I − nn)[µhp∇Chp +
µw∇Cw + µo∇Co] just outside the surface of the Janus sphere,
where w denotes water and n is the surface normal unit
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FIG. 3. a) Fractional mass loss of H2O2 over time from 10�5

v/v Janus particles in 10% H2O2; red line is an exponential

fit. b) Electrophoretic mobility of PS particles µ(PS)
E in NaCl.

Leftmost point is without salt. c) Helical track of a Janus
particle in the bulk. Such helical tracks are not typical.

gradient coming from partial dissociation of H2O2 [29]:

H2O2 �*)� HO�
2 +H+ . (1)

H2O2, so also the ions in Eq. (1), is depleted on the Pt
surface. Propulsion in the resulting gradient can account
for the speed reduction with salt concentration observed
here and previously in haematite-PS swimmers [24], since
the mobility of charged particles in a salt gradient should
scale inversely with salt concentration [28]. This mech-
anism also permits direction reversals, since ionic gradi-
ents can generate electric fields acting with or against the
normal ionic di↵usiophoresis [28], Fig. 1b.

Ionic di↵usiophoresis has been extensively studied, so
that we can test this mechanism quantitatively. We cal-
culate that the observed speeds in 10 % H2O2 require a
mean ⇣ potential on the particle surface of order 400 mV,
which is large, but feasible (see supplementary material
for detailed calculations, especially Fig. S3).

To further test this model, we reduced the ionic gra-
dients by adding a strong alkali, NaOH, which disso-
ciates completely in water, removing protons (OH– +
H+ �*)� H2O), thus reducing the proton gradient across
the particle. We would expect then, that NaOH signif-
icantly reduces particle speed. However, we find that
particle speed remains essentially unchanged up to 1 mM
NaOH, Fig. 2. We calculate that in this case the ionic
concentration gradient is insu�cient to account for the
observed v at high [NaOH], by approximately 2 orders of
magnitude (see supplementary material, especially Fig.
S3), implying that ionic self-di↵usiophoresis is not the
dominant propulsion mechanism here.

Since neither neutral nor ionic di↵usiophoresis are con-
sistent with our data, we seek other mechanisms. One
candidate is self-electrophoresis, Fig. 1(d). This is the
propulsion mechanism of bimetallic swimmers [16, 18, 19,

30, 31], where oxidation or reduction occurs preferentially
on either of the two metals. The resulting ionic current
gives an electric field outside the particle, driving mo-
tion via electrophoresis. In a Au-Pt swimmer in H2O2,
Fig. 1c, the preferred half reactions on each metal have
been given as [30]:

H2O2 + 2 e� + 2H+ �*)� 2H2O (reduction, Au) (2)

H2O2 �*)� 2 e� + 2H+ +O2, (oxidation, Pt) (3)

but other reaction schemes, involving OH– rather than
H+ also exist [32]. The final result is a positive ionic cur-
rent from Pt to Au or an equivalent negative current in
the opposite direction. However, bimetallicity is not itself
necessary to generate this current. Any surface asymme-
try that modifies the relative local rates of oxidation and
reduction would su�ce.
For example, in a Pt-PS particle, H2O2 decomposition

produces an excess of O2 at the Pt pole compared to
the equator for purely geometrical reasons. Both half
reactions (2 and 3) would occur all over the platinum
surface, and must be in net balance to maintain charge
neutrality. However, excess O2 would be expected to
reduce the relative rate of the oxidation reaction 3, so less
H+ would be produced at the pole than at the equator,
driving a current from equator to pole. For a negatively
charged Pt surface, the electric field generated by this
current would propel the particle towards the PS face, as
observed, reversing if the Pt becomes positively charged.
Alternatively, the Pt surface could itself provide the

necessary asymmetry. The directed sputtering from
above gives a thicker platinum layer at the pole than
at the equator [20]. Thicker sputtered Pt is rougher [33],
and roughness likely modifies the rates of reactions (2)
and (3). Such tuning of ionic currents by modification
of surface properties has already been demonstrated, for
example, in [34], where the proton current is reversed in
a Pt-Au micropump by surface cleaning.
Values of relevant parameters are not available to pre-

dict propulsion speed, or even direction, as species other
than O2 and details of the particle surface may be in-
volved. However, we can proceed using a scaling ar-
gument. A self-electrophoretic swimmer of uniform ⇣
potential with some ionic flux density distribution (ions
moving into and out of the Pt) of typical magnitude j
will generate an electric field E ⇠ ej/K [35], with K the

solution conductivity. Since v ⇠ µ(Pt)
E E, where µ(Pt)

E is
the electrophoretic mobility of the Pt surface, we have:

v ⇠ ejµ(Pt)
E

K
. (4)

If the flux density j necessary to produce the observed
v is larger than the total reaction rate density over the
surface, then this model would be unfeasible. We mea-
sured the electrophoretic mobility of uncoated PS parti-

cle µ(PS)
E as a function of [NaCl] in Fig. 3b. The peak
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Theorem: 

Don’t get too excited when theory agrees with experiment!
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FIG. 2. Speed v, as a function of concentration of CTAB (N),
KBr (•), NaCl (�), and NaOH (⇤); positive speeds indicate
motion towards PS. Leftmost points correspond to zero con-
centration. The line is a fit to v / 1/K, where K is solution
conductivity, as described in the text.

at high NaOH concentrations rules out ionic di↵usio-
phoresis as the dominant mechanism.

Instead, we propose an alternative mechanism analo-
gous to that operative in bimetallic particles [19], where
an ionic current between the two metals generates self
propulsion, Fig. 1c. Our particles are not bimetallic, but
any asymmetry in surface conditions could su�ce to gen-
erate an ionic current between the equatorial and polar
parts of the Pt cap, Fig. 1(d). We show that this mech-
anism is consistent with all the data given in Fig. 2.

As part of our work elucidating the propulsion mech-
anism, we measure the rate of H2O2 utilisation. Our
results suggest that Pt-PS Janus particles may consume
H2O2 so fast that high-volume-fraction experiments in
3D would be di�cult. Finally, we show that these par-
ticles are not only gravitactic [20], but can also be gyro-
tactic, so that they mimic living swimmers such as algae.

Janus particles were prepared by sputtering approxi-
mately 5 nm Pt onto sulfonated fluorescent 2 µm PS par-
ticles (Invitrogen), Fig. 1(e). Samples containing 10�7

v/v Janus particles in 10% aqueous H2O2 (Acros) and
salts or surfactants (� 97% purity, listed in Fig. 2 cap-
tion) were placed in 0.4⇥8⇥50 mm glass capillaries (Vit-
rocom). Particle motion was recorded in 20⇥ epifluores-
cence with a CCD camera (Eosens, Mikrotron; 20 frames
per second) and tracked by standard algorithms [21].
Fifty tracks from 2 capillaries were averaged at each con-
dition. The ballistic speed v, and translational di↵usivity
D, were obtained from particles’ mean squared displace-
ment [5]. The polarity of motion was deduced from the
shadowing e↵ect of the Pt coating [12]. The particles
quickly reach the capillary surfaces due to gravitaxis [20],
and remain bound there, probably due to hydrodynamic
interactions [3]. Hence, all quantitative measurements
were performed next to surfaces, although bulk observa-

tions found the same qualitative phenomenology.

Consider first the e↵ect of CTAB, a cationic surfactant.
Figure 2 shows that v decreases with [CTAB], and that
the direction of motion, initially towards PS, reverses at
[CTAB] & 10�2 mM. The same reversal was observed in
the bulk at similar [CTAB] (1.9± 0.2⇥ 10�2 mM).

CTAB is known to adsorb onto anionic PS parti-
cles first to neutralise and then reverse the charge [22].
Thus, the observed direction reversal is likely due
to CTAB-induced charge reversal of PS, Pt, or
both. Direct measurement of electrophoretic mobil-
ity of PS-Pt Janus particles to confirm charge rever-
sal in CTAB was hampered by low synthetic yield.
However, measurement of uncoated PS particles in
10% H2O2 (Malvern Nanosizer) shows charge reversal
at [CTAB] = 3.9± 0.1⇥ 10�3 mM. While this is signifi-
cantly smaller than the [CTAB] needed for direction re-
versal of Pt-coated particles, simulations [23] show that
rough Pt surfaces (e.g. from sputtering) generate ad-
sorbed OH– in water, potentially increasing the [CTAB]
required for charge reversal on Pt compared to PS.

Self-di↵usiophoresis in an O2 gradient [11], Fig 1(a),
cannot give direction reversal if the only O2-surface in-
teraction is excluded volume, since this is independent of
the nature of the particle surface. Moreover, if this mech-
anism is operative, adding salt should have limited e↵ect
on v. Instead, we found that two neutral salts, NaCl and
KBr, reduce v, Fig. 2, as found before for bimetallic [19]
and haematite-PS swimmers [24].

These observation are not just due to the salts inhibit-
ing H2O2 decomposition on Pt [25]. We measured re-
action rates by weighing polystyrene cuvettes containing
10% H2O2 with 1 ± 0.5 ⇥ 10�5 v/v Janus particles re-
peatedly for 2 hours in darkness. Fitting of the time-
dependent mass to exponential decays yields rate con-
stants, Fig. 3a. In 10% H2O2, each particle consumes
H2O2 molecules at rate �0 = 8± 4⇥ 1010 s�1, compara-
ble to Au-Pt swimmers [18, 26]. With 1 mM NaCl, the
relative rate falls to �/�0 = 0.58± 0.06, and with 1 mM
NaOH to �/�0 = 0.44± 0.04 [27].

Assuming speed is proportional to reaction rate [5], the
reduction in � is insu�cient to account for the approxi-
mately 10-fold speed reduction in 1 mM NaCl. Speed re-
duction is also not predominantly a surface e↵ect, since
visual observation showed that at 1 mM NaCl, parti-
cles in the bulk remained there for over an hour, while
without salt they reached the top surface within a few
minutes, consistent with a large speed reduction. Thus,
the 10-fold reduction in v in 10 mM NaCl and KBr is
largely an intrinsic e↵ect incompatible with neutral dif-
fusiophoresis.

Our salt results suggest an alternative mechanism:
ionic di↵usiophoresis [28], Fig. 1c, where Coulomb inter-
actions between the charged particle surface and a gradi-
ent of solvated ions drive di↵usiophoresis, with the ionic

CTAB

NaOHKBr

NaCl

Not simply 2H2O2 →2H2O + O2 



How platinum-coated Janus particles swim
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Polystyrene particles partially coated with platinum and dispersed in H2O2 solution are often
used as model self-propelled colloids. Current data suggest that self-di↵usiophoresis propels these
particles. We find that the direction of propulsion is reversed on addition of an ionic surfactant,
and that adding pH neutral salts reduces the propulsion speed towards zero whereas NaOH has no
significant e↵ect. We use these data, as well as measured reaction rates, to argue against propulsion
by either neutral or ionic self-di↵usiophoresis. However, our data are consistent with propulsion by
a self-generated ionic current. We explain that this current can derive from general asymmetries of
the particle, and does not require a bimetallic particle. We also show that rapid fuel consumption
may make 3D experiments at high particle concentration using this system impractical.

A current challenge in physics is the study of in-
trinsically non-equilibrium active matter [1], e.g., self-
propelled colloids [2]. These active colloids show novel
collective phenomena, whose systematic study provides
impetus for developing new theories of non-equilibrium
statistical physics. To meet this challenge, experimental
data from well-characterised model systems are required.

An e↵ective model system of self-propelled colloids
should ideally have well-defined size, shape and inter-
particle interaction, while fuel consumption and waste
production rates should permit 3D experiments at high
volume fraction. Furthermore, the propulsion mechanism
should be well understood, particularly as the flow [3]
and concentration [4] fields associated with the propul-
sion will themselves modify inter-particle interactions.

One candidate model system consists of polystyrene
(PS) colloids half-coated with platinum (Pt) and sus-
pended in hydrogen peroxide (H2O2) [5]. These have
been used to experimentally study active di↵usion [5, 6],
sedimentation [7], and phase separation [8].

These Pt-PS Janus colloids originated from predictions
[9] that colloids with an asymmetric catalytic coating
should propel themselves via self-di↵usiophoresis in a so-
lution of reactant. Di↵usiophoresis is the propulsion of
a particle in a solute gradient, due to interactions be-
tween the solute and the particle surface [10]. In self-
di↵usiophoresis, this gradient is generated by reactions
on the particle’s surface. For Pt-PS Janus particles, it
has been proposed that an O2 gradient due to H2O2

decomposition on Pt drives this self-di↵usiophoresis [5],
Fig. 1(a). Successful prediction of how H2O2 concentra-
tion ([H2O2]) [5] and particle radius [11] control propul-
sion speed, v, and confirmation that the propulsion di-
rection is away from the Pt surface [12] support this pic-
ture. In addition, theoretical studies have specifically
addressed the mechanics [13, 14], and e�ciency [15, 16]
of this di↵usiophoretic propulsion mechanism.

In this Letter, we present experimental evidence that,
in spite of these successes, self-di↵usiophoresis is not the
dominant mechanism propelling Janus Pt-PS particles
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FIG. 1. (a-d) Schematic of mechanisms. (a) Neutral
self-di↵usiophoresis [11] due to excluded volume interaction
between O2 and the particle surface. (b) Charged self-
di↵usiophoresis [17]: H2O2 dissociation produces an ionic gra-
dient driving di↵usiophoresis. Di↵erential di↵usivity of the
ions also generates an electric field E, driving electrophore-
sis [10]. (c) Bimetallic self-electrophoresis [18]: di↵erential
rates of surface H2O2 oxidation/reduction produce an ionic
current and an electric field, driving electrophoresis. (d) Self-
electrophoresis in Pt Janus swimmer: as in (c) but now on
Pt surface only. Right panel shows schematically how varia-
tion in roughness might generate the required ionic current.
In (a), the particle always swims away from the Pt (thick ar-
row), but in (b-d) direction depends on surface mobility. (e)
Scanning electron micrograph of typical PS-Pt Janus particle
(Hitachi SEM at 1 kV, without further coating). The lighter
region is Pt.

in H2O2. We find that a cationic surfactant reverses the
propulsion direction, and that salt decreases propulsion
speed. Neither is compatible with self-di↵usiophoresis in
an O2 gradient. Both observations naturally suggest an
alternative mechanism: self-di↵usiophoresis in an ionic
gradient [10] generated by H2O2 dissociation, Fig. 1(b).
However, when we add NaOH, the speed reduction ex-
pected if this mechanism operates is not observed. In-
stead, we show that the fast propulsion speeds observed
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FIG. 3. a) Fractional mass loss of H2O2 over time from 10�5

v/v Janus particles in 10% H2O2; red line is an exponential

fit. b) Electrophoretic mobility of PS particles µ(PS)
E in NaCl.

Leftmost point is without salt. c) Helical track of a Janus
particle in the bulk. Such helical tracks are not typical.

gradient coming from partial dissociation of H2O2 [29]:

H2O2 �*)� HO�
2 +H+ . (1)

H2O2, so also the ions in Eq. (1), is depleted on the Pt
surface. Propulsion in the resulting gradient can account
for the speed reduction with salt concentration observed
here and previously in haematite-PS swimmers [24], since
the mobility of charged particles in a salt gradient should
scale inversely with salt concentration [28]. This mech-
anism also permits direction reversals, since ionic gradi-
ents can generate electric fields acting with or against the
normal ionic di↵usiophoresis [28], Fig. 1b.

Ionic di↵usiophoresis has been extensively studied, so
that we can test this mechanism quantitatively. We cal-
culate that the observed speeds in 10 % H2O2 require a
mean ⇣ potential on the particle surface of order 400 mV,
which is large, but feasible (see supplementary material
for detailed calculations, especially Fig. S3).

To further test this model, we reduced the ionic gra-
dients by adding a strong alkali, NaOH, which disso-
ciates completely in water, removing protons (OH– +
H+ �*)� H2O), thus reducing the proton gradient across
the particle. We would expect then, that NaOH signif-
icantly reduces particle speed. However, we find that
particle speed remains essentially unchanged up to 1 mM
NaOH, Fig. 2. We calculate that in this case the ionic
concentration gradient is insu�cient to account for the
observed v at high [NaOH], by approximately 2 orders of
magnitude (see supplementary material, especially Fig.
S3), implying that ionic self-di↵usiophoresis is not the
dominant propulsion mechanism here.

Since neither neutral nor ionic di↵usiophoresis are con-
sistent with our data, we seek other mechanisms. One
candidate is self-electrophoresis, Fig. 1(d). This is the
propulsion mechanism of bimetallic swimmers [16, 18, 19,

30, 31], where oxidation or reduction occurs preferentially
on either of the two metals. The resulting ionic current
gives an electric field outside the particle, driving mo-
tion via electrophoresis. In a Au-Pt swimmer in H2O2,
Fig. 1c, the preferred half reactions on each metal have
been given as [30]:

H2O2 + 2 e� + 2H+ �*)� 2H2O (reduction, Au) (2)

H2O2 �*)� 2 e� + 2H+ +O2, (oxidation, Pt) (3)

but other reaction schemes, involving OH– rather than
H+ also exist [32]. The final result is a positive ionic cur-
rent from Pt to Au or an equivalent negative current in
the opposite direction. However, bimetallicity is not itself
necessary to generate this current. Any surface asymme-
try that modifies the relative local rates of oxidation and
reduction would su�ce.
For example, in a Pt-PS particle, H2O2 decomposition

produces an excess of O2 at the Pt pole compared to
the equator for purely geometrical reasons. Both half
reactions (2 and 3) would occur all over the platinum
surface, and must be in net balance to maintain charge
neutrality. However, excess O2 would be expected to
reduce the relative rate of the oxidation reaction 3, so less
H+ would be produced at the pole than at the equator,
driving a current from equator to pole. For a negatively
charged Pt surface, the electric field generated by this
current would propel the particle towards the PS face, as
observed, reversing if the Pt becomes positively charged.
Alternatively, the Pt surface could itself provide the

necessary asymmetry. The directed sputtering from
above gives a thicker platinum layer at the pole than
at the equator [20]. Thicker sputtered Pt is rougher [33],
and roughness likely modifies the rates of reactions (2)
and (3). Such tuning of ionic currents by modification
of surface properties has already been demonstrated, for
example, in [34], where the proton current is reversed in
a Pt-Au micropump by surface cleaning.
Values of relevant parameters are not available to pre-

dict propulsion speed, or even direction, as species other
than O2 and details of the particle surface may be in-
volved. However, we can proceed using a scaling ar-
gument. A self-electrophoretic swimmer of uniform ⇣
potential with some ionic flux density distribution (ions
moving into and out of the Pt) of typical magnitude j
will generate an electric field E ⇠ ej/K [35], with K the

solution conductivity. Since v ⇠ µ(Pt)
E E, where µ(Pt)

E is
the electrophoretic mobility of the Pt surface, we have:

v ⇠ ejµ(Pt)
E

K
. (4)

If the flux density j necessary to produce the observed
v is larger than the total reaction rate density over the
surface, then this model would be unfeasible. We mea-
sured the electrophoretic mobility of uncoated PS parti-

cle µ(PS)
E as a function of [NaCl] in Fig. 3b. The peak

reduction

oxidation

Moral: nothing is as simple as it looks!



Swimmers are not all the same



Janus on glass



E. coli on glass



Swimming in a Crystal
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We investigate the behaviour of platinum Janus colloids and E coli bacteria in 2D colloidal crystals. The
Pt Janus swimmers orbit individual colloids within the colloidal crystal, and hop between colloids stochas-
tically. We find that swimming speed increases with fuel concentration ([H2O2]), but the hopping rate
between colloids decreases. This is fit to a model where thermal fluctuations push the swimmers out of
effective traps generated by particle activity, and we estimate the depth of the effective potential for this
model, while the stiffness of this trapping is estimated from fluctuations in the orientation of the swim-
mers, and the radius of their orbits. This stiffness is much stronger than recent hydrodynamic simulations
predict, and we discuss hydrodynamic and other trapping mechanism. The swimmers also show six-fold
oscillations in swimming speed, produced by hydrodynamic interactions with the six neighbouring col-
loids. Finally, we find that E coli bacteria in the same crystals swim in straight lines, in contrast to their
orbital behaviour on plane surfaces, and therefore the crystal increases their long-time diffusivity.
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Figure 1. a) Schematic of Janus particles moving inside a colloidal
crystal. b-c) Tracked videos inside colloidal crystals. Janus swim-
mers with b) 1 and c) 10% H2O2, over 3 minutes.

There has been much recent work [1–8] on both bio-
logical and synthetic microscopic swimmers at surfaces
and within complex environments. This work is important
from a biological point of view, since many microscopic
swimmers, such as bacteria, algae and spermatazoa, typi-
cally spend much of their time near surfaces. From a more
applied point of view, controlling the motion of swimmers

to do work or self assemble requires an understanding of
their interaction with each other and with surfaces. For ex-
ample, the interaction of microorganisms with walls has
so far been used to create bacteria driven motors [9, 10]
and concentrate bacteria in specific regions of microflu-
idic devices [11]. These applications rely on a geometri-
cal asymmetry of the experiment, combined with loss of
detailed balance, to create rectified motion of the bacte-
ria. The interactions of swimmers with surfaces are also
closely linked to the interactions of swimmers with each
other, which are crucial for understanding the microscopic
basis for collective effects in dense suspensions of swim-
mers [12–15].

Though surface interactions are complex, and many fac-
tors can contribute, there are two generic and universal in-
teractions: steric interactions and hydrodynamics. It has
been demonstrated theoretically and experimentally that
biological swimmers can be trapped in stable trajectories
at surfaces, purely hydrodynamically; for example, bac-
teria undergo cicular orbits at fluid-solid and fluid-fluid
boundaries [3, 16–18].

For synthetic swimmers, the situation is more dubi-
ous. Many synthetic swimmers [19, 20] are propelled by
phoretic forces, i.e., asymmetric reactions on their surfaces
create chemical, electrostatic or thermal gradients, which
drive fluid flow in a thin surface layer. These swimmers are
commonly modelled as squirmers, where propulsion is a
result of having a defined tangential slip velocity at their
surface. Stable hydrodynamic trapping has been observed
for squirmers in simulations [2], and trapping of phoretic,
synthetic swimmers, such as bimetallic nanorods [7], and
catalytic Janus swimmers [21], has been observed experi-
mentally.

However, unlike most biological swimmers, these
phoretic swimmers necessarily rely on external gradients
to generate propulsion, and these gradients can them-
selves influence interactions. These complications also
affect swimmer-swimmer interactions [12].
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Hence, the colloidal crystal has an entirely opposite effect
on these two types of swimmer, as highlighted by the ar-
rows in Fig. 3a.

Nevertheless, bacteria do sometimes succeed in turning
corners (Fig 2a), both at defects, and in apparently ordered
regions. At longer times than explored here, this should
lead to net diffusive motion. In addition, bacteria very oc-
cassionally show orbital behaviour, like the Janus swim-
mers (Fig. 2c). However, while the Janus swimmers orbit
in either sense, the bacterial orbits are always clockwise,
as on plain glass. We suppose that this orbital behaviour
is simply due to the bacteria having a natural orbit with a
small radius, so that the orbital motion keeps them pressed
against a single colloid. Indeed, such small orbits are also
seen on plain glass (Fig. 2c).

We now examine the Janus swimmers’ orbital behavior
in more detail. To look at the effect of [H2O2], 1000 swim-
mers in solutions of 0.1% to 10% H2O2 were tracked. At all
[H2O2], the swimmers showed purely diffusive behaviour,
while the hopping rate between orbits decreased with in-
creasing [H2O2], showing a power law behaviour of � /
[H2O2]

↵ where ↵ = �1.06± 0.03(Fig. 3b). This is reflected
in the diffusivity of the swimmers (Fig. 3c): the solid line
is given by D = � hL 2i/4, where hL 2i is the mean squared
distance covered on each hop. We independently measure
hL 2i ⇠ 150 µm2. This is larger than the expected 100 µm2

because of suboptimal packing of the lattice (i.e. in Fig. 1b).
The large variation observed in the relative diffusivity in-

side and outside the crystal has potential applications in
microfludics. At high [H2O2], the colloidal crystal acts as
a trap for swimmers, retaining them more or less perma-
mently on experimental timescales, whereas at low [H2O2],
the swimmers can move as freely through the crystal as
they do on plain glass (Fig. 3c). Hence, manipulating
[H2O2] in a microfluidic device would enable the controlled
and simultaneous release of swimmers from a crystal. This
transition between kinetic localization of swimmers at the
edge of the crystal, and their rapid dispersion through-
out the whole crystal, is also reminiscent of localization-
delocalization transitions of electrons in hard condensed
matter [26], and gives a further dimension to the idea of
colloids as ’giant atoms’ [27].

In [7], where similar trapping was observed for bimetallic
nanorods orbiting isolated colloids on glass surfaces, it was
suggested that the trapping was the result of solely hydro-
dynamic interactions, and that swimmers escaped from
orbits by thermal fluctuations. This mechanism is borne
out there by the ubiquity of the observed trapping: orbit-
ing was observed around colloids of several different poly-
meric materials.

Here too, we found that our swimmers orbit round sil-
ica colloids, hexadecane droplets, and oxygen bubbles; all
on glass surfaces. Orbiting does not depend on having two
different materials, as the swimmers can rotate around the
axis between two touching PS spheres (Fig. 4 a). Addition-
ally, the swimmers have an affinity for plane surfaces, re-
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Figure 3. a) Average MSD of Janus swimmers in 1% H2O2 on plain
glass (o), and within the crystal (x), and of E coli on plain glass
(squares) and within the crystal (+). Solid lines show MSD/ t 1

and t 2, and arrows highlight the opposite effects of moving into
the crystal on the two swimmer types. For Janus swimmers within
the crystal, short time oscillatory behaviour has been removed
by taking the MSD of orbital centres, rather than full trajecto-
ries. b) Mean hopping rate, as a function of [H2O2]. Solid line is a
power law fit to the data, described in text. c) Effective 2d trans-
lational diffusivity of active particles, determined within the col-
loidal crystal. Solid line is proportional to hopping rate � , as de-
scribed in text. Dashed line is predicted diffusivity of swimmers
outside the crystal. d) Mean speed u with which the swimmer
orbits colloids within the crystal (closed circles), and outside it
(open circles). Solid and dashed lines are fits to u = k1[H2O2]/(1+
k2[H2O2]), with k1 and k2 constants. This form is expected if the
reaction becomes limited by the amount of free reaction sites on
Pt at high [H2O2] [20].

maining on glass [21] surfaces, even if the surface is in-
verted. Swimmers also stably move along water-air and
water-hexadecane interfaces.

However, we also have evidence that the nature of the
surface does matter to some degree. On the coverslips used
in the current paper, the Janus particles swim stably at the
surface for all [H2O2] down to 0.1%, whereas in the glass
capillaries (Vitrocom) used in [21], for [H2O2] below 1%,
the swimmers remain at the surface for only seconds at a
time before returning to the bulk. Hence, stable trapping
at a surface is not just a function of hydrodynamic inter-
actions, which should be identical for both surfaces. We
do not have an explanation for this difference in behaviour.
However, the current coverslips are wetted by water almost
completely, whereas water has an approximately 90� con-
tact angle on the capillaries, so there is a clear difference in
their surface properties. Conversely, swimmers will stick to
some surfaces, such as gold, without swimming.



Now for something completely different again ...



Motility

Fundamental characteristics of living things!

Now mimicked by synthetic colloids

Growth

Bacteria show two kinds of activity!



Nutrient agar

Bacteria growing into a colony ‘on’ agar ...

… is the ‘hydrogen atom’ of multicellular physics!



Figure 12: Cropped deconvolved image from confocal of cells prepared with sample type
1

Figure 13: Side view showing agar extend above and around cells implying the cells truly
are deeper in than the raw images suggested
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Bacteria grow inside top surface of agar



Sudden buckling into the third dimension

Loss of orientational order



Spherocylinder fit to each cell in colony as function of time ...

… until just before buckling into 3D (for now)



Scalar (nematic) order parameter

S =

⌦
2 cos

2 ✓ � 1

↵

Local

Global



Figure 16: Examples of axial disclinations in a nematic: (a) m = +1, (b) the parabolic disclination,
m = +1/2, (c) the hyperbolic disclination (topologically equivalent to the parabolic one), m = �1/2.

7 Defects

Topological defects appear in physics as a consequence of broken continuous symmetry [3]. They exist
almost in every branch of physics: biological systems [18], superfluid helium [19], ferromagnets [20],
crystalline solids [21, 22], liquid crystals [23, 24, 25, 26, 27], quantum Hall fluids [28], and even optical
fields [29] playing an important role in such phenomena as response to external stresses, the nature and
type of phase transitions. They even arise in certain cosmological models [30].

Liquid crystals are ideal materials for studying topological defects. Distortions yielding defects are
easily produced through control of boundary conditions, surface geometries, and external fields. The
resulting defects are easily imaged optically. The simplest, nematic liquid crystalline phase owes its name
to the typical threadlike defect which can be seen under a microscope in a nematic or cholesteric phase
[31].

First explanations were given by Friedel [32] who suggested that these threads are lines on which the
director changes its direction discontinuously. In analogy with dislocations in crystals, Frank proposed to
call them disclinations [33]. To classify topological defects the homotopy theory can be employed to study
the order parameter space [34]. For the case of nematics, there are two kinds of stable topological defects
in three dimensions: point defects, called hedgehogs and line defects, called disclinations. Hedgehogs are
characterized by an integer topological charge q specifying the number of times the unit sphere is wrapped
by the director on any surface enclosing the defect core. An analytical expression for q is

q =
1
8⇡

Z
dS

i

✏
ijk

n · (@
j

n⇥ @
k

n) , (85)

where @
↵

denotes di↵erentiation with respect to x
↵

, ✏
ijk

is the Levi-Civita symbol, and the integral is
over any surface enclosing the defect core. For an order parameter with O

3

, or vector symmetry, the
order-parameter space is S2, and hedgehogs can have positive or negative charges. Nematic inversion
symmetry makes positive and negative charges equivalent, and we may, as a result, take all charges to
be positive.

The axial solutions of the Euler-Lagrange equations representing disclination lines are

� = m + �
0

, (86)

where n
x

= cos�,  is the azimuthal angle, x = r cos , m is a positive or negative integer or half-integer
[2]. Examples of disclinations for several m are given in Fig. (16). The elastic energy per unit length
associated with a disclination is ⇡Km2 ln(R/r

0

), where R is the size of the sample and r
0

is a lower cuto↵
radius (the core size) [2]. Since the elastic energy increases as m2, the formation of disclinations with
large Frank indices m is energetically unfavorable.

As has already been mentioned, within the continuum Frank theory, disclinations are singular lines
where the gradient in the director becomes infinite; this signals a breakdown in the Frank theory. The
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m = 1 m = +1/2 m = -1/2

polar
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apolar
n  ! �n

Growth occurs at the new pole …
… but behaves as apolar
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Hydrodynamic Fluctuations and Instabilities in Ordered Suspensions of Self-Propelled Particles
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We construct the hydrodynamic equations for suspensions of self-propelled particles (SPPs) with
spontaneous orientational order, and make a number of striking, testable predictions: (i) Nematic SPP
suspensions are always absolutely unstable at long wavelengths. (ii) SPP suspensions support novel
propagating modes at long wavelengths, coupling orientation, flow, and concentration. (iii) In a wave
number regime accessible only in low Reynolds number systems such as bacteria, polar-ordered
suspensions are invariably convectively unstable. (iv) The variance in the number N of particles, divided
by the mean hNi, diverges as hNi2=3 in polar-ordered SPP suspensions.

DOI: 10.1103/PhysRevLett.89.058101 PACS numbers: 87.10.+e

Fish, birds, and swimming cells [1–3] are frequently
found to move coherently in large groups [4–9] through
the fluid medium they inhabit. Can general principles, like
those used so successfully for ordered phases at equili-
brium [10], reveal the laws governing the long-wavelength
dynamics and fluctuations of these striking and ubiquitous
examples of liquid-crystalline [11] order in suspensions of
self-propelled particles (SPPs)? Although we know of no
physics experiments on ordered SPP suspensions, Gruler
[12] has studied ordered phases of living cells on a solid
substrate, and finds ‘‘living liquid-crystalline’’ [13] phases
corresponding to two distinct types of cells: apolar, that is,
elongated but head-tail symmetric, and polar, distinguish-
ing front from rear. The ordered phases formed by polar
SPPs have a nonzero macroscopic drift velocity v0. Those
formed by apolar SPPs have a macroscopic axis n̂n of
orientation but, like true nematics [14], do not distinguish
n̂n from !n̂n; they thus have v0 " 0. Migratory cells such as
white blood cells are polar in this sense, while melano-
cytes, which distribute pigment in the skin, are apolar [12].
Although an isolated melanocyte is incapable of directed
motion, we still term it an SPP because it displays sponta-
neous, self-generated energy-dissipating activity, in the
form of a pair of symmetrically pulsating dendrites [12].
The pioneering studies of [5] and [6,8,9] consider ordered
flocks drifting through a passive frictional background. In
[7] as well, fluid flow is ignored in the analysis, although
viscosity is mentioned as the source of damping. This is
appropriate for polar SPPs on a substrate as in [12], but not
for SPPs immersed in a bulk fluid. In this Letter we use
symmetry and conservation laws to construct the complete
equations of motion for small, long-wavelength distur-
bances in polar as well as apolar ordered SPP suspensions,
including the flow of the ambient fluid.

Our main results, which we now summarize, contain
striking, experimentally testable signatures of the nonequi-
librium nature of ordered SPP suspensions, and of the
crucial role of the hydrodynamics of the ambient fluid
medium: Purely nematic order in SPP suspensions is al-
ways destabilized at small enough wave number q, by a
coupled splay of the axis of orientation and a correspond-

ing Taylor-Couette–like circulation of the velocity field,
oriented near 45# to the nematic axis, with a growth rate
linear in q.

Polar ordered suspensions display some rather original
propagating modes as a result of the interplay of hydro-
dynamic flow with fluctuations in the ordering direction
and the concentration: a pair of bend-twist waves (with no
analog in the work of [9]), with wave speeds; see Fig. 1 and
Eq. (7), and three waves which are a combination of splay,
concentration, and drift (a generalization of those in [9]),
whose speeds are better understood from Fig. 2 than from
an equation.

The results in Figs. 1 and 2 and Eq. (7) are obtained
when viscous damping is neglected, which is valid for
wave numbers q $ v0=! where ! is a typical kinematic
viscosity. Experiments on bacterial suspensions are, how-
ever, likely to be in the Re $ qa $ 1 regime, where Re "
v0a=! is the Reynolds number of an SPP of size a. In that
(Stokesian) limit we find, remarkably, that a polar-ordered
suspension is always unstable for wave vectors q near 45#

to the nematic axis, with a growth rate %v0=a, independent
of jqj. The instability is ‘‘convective’’: it travels with a
speed %v0 as it grows.

Last, number fluctuations in polar-ordered SPP suspen-
sions are anomalously large. The variance h&"N'2i in the
number of particles, scaled by the mean N, is predicted to
diverge as N2=3.

The results above follow from a set of hydrodynamic
equations of motion, which we now construct by general-
izing [10]. Assume we have nematic or polar-ordered
phases of SPPs, with orientation given by a unit director
field n̂n aligned on average in the z direction. The nematic is
invariant under n̂n ! !n̂n; the polar-ordered state is not.
The slow variables [10] are (a) the ‘‘conserved modes’’
which, for an incompressible suspension, are [15] the fluc-
tuations "c&r; t' at point r and time t in the local concen-
tration c of suspended particles about its mean c0 and the
total (solute ( solvent) momentum density g&r; t' )
#u&r; t', where # is the constant mass density of the
suspension and u the hydrodynamic velocity field; and
(b) the ‘‘broken-symmetry’’ variables which, for both
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Fig. 21. – Hydrodynamic instability in concentrated suspensions of swimmers: see text for a
detailed description. (a) A puller pulls fluid in at both ends. A long-wavelength ‘splay’ type
perturbation is amplified in an initially ordered array of pullers. (b) A pusher suck in fluid at
its ‘waist’. A long-wavelength ‘bend’ type perturbation is amplified in an initially ordered array
of pushers. Redrawn after [150].

is beyond the scope of these lectures; readers who want to pursue this subject should
consult one of the many reviews available [24, 26, 33, 151, 152]. Once again, however,
arguments based on flow field symmetry can yield significant insight. Without HI, a
suspension of more or less rod-like swimmers (such as E. coli with flagella bundle) may
be expected to show orientational ordering. But HIs render an ordered state unstable.
The form of the instability induced by the coupling between flow and orientation di↵ers
in pushers and pullers, as a pictorial argument makes clear [150].

A single puller pulls in liquid at both ends and ejects liquid around its ‘waist’,
Fig. 18(b). Consider a ‘splay’ perturbation in an initially ordered array of pullers,
Fig. 21(a). The pullers at the left half of the sketch pulls in liquid more strongly at
the bottom than at the top (small arrows), so that is a net ejection of liquid at the
top (large arrow). The opposite happens at the right half of the sketch, with a net
ejection of liquid at the bottom. The resulting shear flow over the central portion of
the sketch enhances the orientational perturbation (dotted arrow). There is therefore
a long-wavelength splay instability. On the other hand, a single pusher ejects liquid at
both ends and sucks in liquid around its ‘waist’, Fig. 18(a). Now consider a ‘bend’ per-
turbation in an initially ordered array of pullers, Fig. 21(b). The pushers at the top of
the sketch sucks in liquid more strongly on their right than on their left, so that there
is a net liquid influx from the right. For the pushers at the bottom, the reverse is true.
The resulting shear flow again enhances the original orientational perturbation (dotted
arrow). There is now a long-wavelength bend instability. These two pictorial arguments

Extensile: unstable to bend
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Distortions in nematic LCs



Sudden buckling into the third dimension ...

… the beginnings of you and me!



A 2D animal doesn’t work ...

Mouth







FF

EI ⇡ 5⇥ 10�20 Nm2

Euler buckling force =Fcrit =
⇡2EI

L2

F . �break ⇥ ⇡a2 ⇡ 30 kPa⇥ 0.5µm2 ⇡ 1.5⇥ 10�8 N

Fcrit ⇡ 3⇥ 10�8 N

Forces acting on a growing bacterium
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Figure 2: Shaving bacteria: 4 kinds of bacteria are used for the experiments.
They are: the wild type WT with all its appendages, the deflagellated mu-
tant fliF−, the depilited mutant fimA−, the both deflagellated & depilited
mutant fliF− & fimA−.

have to study more carefully the influence of the two appendages: in the
hypothesis that the appendages behave as anchoring tools for bacteria, we
would expect the double mutant points to be before the fimA− points, or
closer than what we see in Fig. 4.

To sum up, although we have to clarify the role played by the two ap-
pendages, we conclude that hairiness matters, even at the scale.
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fimA-



fimbriae - adhere to surfaces (and perhaps to each other)



Most of this process is not understood yet ...

… either as physics or biology!



Why is this interesting?

• Biological consequences:
biofilms
multicellularity in general
the function of cell shape

• Medical consequences:
as model for cancer tumour (Austin et al.)

• Towards a growth-driven self assembly



Summary 

Bacteria are colloid++ because they swim and grow:

(1) They do things with colloidal analogues
        sedimentation equilibrium, attractive phase transition

(2) They do things to colloids
         enhanced diffusion

(3) They do things colloids don’t do
          (filling emulsion drop, swimming in polymers)
          growth in 2D and 3D colonies




