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            Abstract
The natural habitats of microorganisms in the human microbiome, ocean and soil ecosystems are full of colloids and macromolecules. Such environments exhibit non-Newtonian flow properties, drastically affecting the locomotion of microorganisms1,2,3,4,5. Although the low-Reynolds-number hydrodynamics of swimming flagellated bacteria in simple Newtonian fluids has been well developed6,7,8,9, our understanding of bacterial motility in complex non-Newtonian fluids is less mature10,11. Even after six decades of research, fundamental questions about the nature and origin of bacterial motility enhancement in polymer solutions are still under debate12,13,14,15,16,17,18,19,20,21,22,23. Here we show that flagellated bacteria in dilute colloidal suspensions display quantitatively similar motile behaviours to those in dilute polymer solutions, in particular a universal particle-size-dependent motility enhancement up to 80% accompanied by a strong suppression of bacterial wobbling18,24. By virtue of the hard-sphere nature of colloids, whose size and volume fraction we vary across experiments, our results shed light on the long-standing controversy over bacterial motility enhancement in complex fluids and suggest that polymer dynamics may not be essential for capturing the phenomenon12,13,14,15,16,17,18,19,20,21,22,23. A physical model that incorporates the colloidal nature of complex fluids quantitatively explains bacterial wobbling dynamics and mobility enhancement in both colloidal and polymeric fluids. Our findings contribute to the understanding of motile behaviours of bacteria in complex fluids, which are relevant for a wide range of microbiological processes25 and for engineering bacterial swimming in complex environments26,27.
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                    Fig. 1: Bacterial swimming in colloidal suspensions.[image: ]


Fig. 2: Size-dependent bacterial motility enhancement.[image: ]


Fig. 3: Anticorrelation between the swimming speed and wobble angle of bacteria.[image: ]


Fig. 4: Enhanced motility of bacteria near a colloid.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Experimental methods.
a, The average swimming speed of bacteria V as a function of time after a bacterial suspension is injected into a PDMS microchannel. V is normalized by the average speed at time tâ€‰=â€‰0. The vertical dashed line indicates the maximum measurement time of our experiments of 15â€‰min. b, Comparison of the average swimming speed of bacteria V in suspensions of Ficoll 400 of increasing concentrations c from our experiments with that from a previous study. V is normalized by the average swimming speed in the pure buffer V0. c is the weight percentage concentration. Blue circles are from our experiments, whereas orange diamonds are from ref. 16. c. Determination of the intrinsic viscosity of dilute solutions of carboxymethyl cellulose (CMC) of average molecular weight 700,000. The viscosities of the solutions Î· as a function of polymer concentrations c are extracted from ref. 18. Î·s is the solvent viscosity. c is in unit of g/ml. The slope of the linear fit gives [Î·]â€‰=â€‰56,344.1â€‰ml/g.


Extended Data Fig. 2 The rotational diffusivity (a), the mean run time (b) and mean tumble time (c) of bacteria in dilute colloidal suspensions of increasing concentrations.
Black circles are for suspensions of colloids of radius Râ€‰=â€‰500â€‰nm, whereas red squares are for colloids of Râ€‰=â€‰200â€‰nm. The results are quantitatively similar to those reported in Figs. 3d, 4aâ€“c of ref. 18.


Extended Data Fig. 3 Anticorrelation between bacterial wobbling and motility enhancement.
a, The swimming speed versus the wobble angle of individual bacteria in pure buffer (black squares) and in a suspension of colloids of radius Râ€‰=â€‰500â€‰nm and volume fraction Ï•â€‰=â€‰4% (blue triangles). The data are obtained by averaging the swimming speed of many bacteria binned over a small range of wobble angles. The raw data for each individual bacteria in the 4% colloidal suspension are also shown as the background (grey triangles). For clarify, we do not show the data of individual bacteria in buffer, which show a similar degree of scattering. V0â€‰=â€‰13â€‰Î¼m/s and Î¸0â€‰=â€‰45Â° are the average swimming speed and the average wobble angle of bacteria in buffer, respectively. As a comparison, the average swimming speed versus the average wobble of bacteria in polymer solutions of different concentrations from ref. 18 is also shown (red discs). b, A violin plot showing the probability distribution of the wobble angle of bacteria in buffer and in the 4% colloidal suspension. The interquartile range (IQR) gives the difference between the 75th and 25th percentiles of the data. a shows that at a given wobble angle, the swimming speed of a bacterium is nearly constant, independent whether it swims in buffer or in colloidal suspensions. b shows that the average swimming speed of bacteria increases in colloidal suspensions, because there are more weakly-wobbling bacteria in the suspensions.


Extended Data Fig. 4 Model description and prediction.
a, A schematic showing the 3D helical trajectory of a bacterium. The 2D projection of the 3D trajectory manifests as bacterial wobbling under optical microscopy. The pitch P and the radius Rw of the trajectory are indicated. The velocity of the bacterium tangential to the helical trajectory Vb and the swimming velocity of the bacterium measured in experiments V are also shown. The schematic is not to scale. Rw is comparable to the size of bacteria and much smaller than P for real trajectories (see Extended Data Fig. 5a). The detailed 3D configuration of a bacterium w.r.t. its trajectory is shown in Extended Data Fig. 6. b, A schematic showing the motion of a bacterium in our model. The angular velocity of the bacterial body Ï‰b and the flagellar bundle Ï‰t, as well as the angular velocity of the entire bacterium as a rigid body, Ï‰cm, are shown. Ï‰b, Ï‰t and Ï‰cm are in the same plane, which we define as the Ï‰ plane. The misaligned angle between Ï‰b and Ï‰t, Î±, and the angle of Ï‰cm with respect to the negative z direction, Î², are also shown. The wobble angle Î¸ = Î² â€“ Î±. The coordinate system used in our model is defined at the upper right corner. c, Wobble angle Î¸ as a function of the misaligned angle Î±. A maximum wobble angle Î¸maxâ€‰=â€‰44.5Â° reaches when Î±maxâ€‰=â€‰22.8Â°. d, The anticorrelation between the normalized bacterial swimming speed V/V0 and the wobble angle Î¸. Symbols are from our experiments and the solid line is our model prediction. Figure 3b shows the same results using the normalized wobble angle. In the model, we set Vâ€‰=â€‰1.8â€‰V0 at Î¸â€‰=â€‰24Â° based on experimental observation. Inset: V/V0 versus the misaligned angle Î± from our model.


Extended Data Fig. 5 Pitch and radius of bacterial helical trajectories.
a, The pitch P and the radius Rw of bacterial helical trajectories as a function of the wobble angle Î¸. See the definition of P and Rw in Extended Data Fig. 4a. P is shown to the left axis and Rw is shown to the right axis. The limiting pitch of 64â€‰Î¼m can be reached in our model. In comparison, the limiting pitch predicted by the previous minimal model of bacterial wobbling is 4â€‰Î¼m for bacteria with single flagellar bundle24. b, Probability distribution function (PDF) of the pitch of bacterial helical trajectories. Black squares are experimental data extracted from Fig. 2a of ref. 24. The red solid line is our model prediction.


Extended Data Fig. 6 Schematics showing the 3D configuration of a swimming bacterium and its helical trajectory.
a, The top view of the configuration. The left-handed helical trajectory encloses a cylindrical space of radius Rw (the grey region). The angular velocity of the body and the flagellar bundle Ï‰b and Ï‰t are shown. The velocity of the bacterium tangential to the helical trajectory Vb is indicated. Note that Ï‰b and Vb tilt above the paper (the solid arrows), whereas Ï‰t tilts into the paper (the dashed arrow). The average swimming speed of bacteria measured in experiments V is normal to and points out of the paper. The Ï‰ plane is normal to the paper as indicated by the purple dashed line. The cross-section of the plane with the helical cylinder has a rectangular shape with the width w < Rw. The viewpoint of b is indicated at the lower right corner. b, The side view of the Ï‰ plane. The axis of the helical trajectory is indicated by the vertical dashed line, which is in front of the Ï‰ plane above the paper. The projection of Vb along the direction of â€“Ï‰cm gives V, whereas the projection of Vb along the direction of the bacterial flagellar bundle (â€“Ï‰t) gives Vbz. The angles Î±, Î² and Î¸ are the same as those defined in Extended Data Fig. 4b. The coordinate defined in Extended Data Fig. 4b is reproduced on the lower right. As colloids are depleted from the cylindrical space due to the long-range hydrodynamics (Extended Data Fig. 7), colloids that exert torque on the bacterium via the short-range lubrication interaction are outside the cylindrical space. The effect breaks the symmetric role of colloids around the bacterium, which preferably reduces Î± and therefore suppresses bacterial wobbling.


Extended Data Fig. 7 Depletion of colloids from the cylindrical space enclosed by the helical trajectory of a wobbling bacteria.
The radius of colloids is 100â€‰nm (top row), 500â€‰nm (middle row) and 1.5â€‰Î¼m (bottom row). Whereas the 100â€‰nm and 500â€‰nm colloids are free, the large 1.5â€‰Î¼m colloids are pinned in the lab frame to match the condition of the optical tweezer experiments. The small discs indicate the initial positions of colloids when the bacterium is far away from the colloids, where the distance between the bacterium and the colloids along the axis of the helical trajectory â€“Ï‰cm is lbc â‰¡ |(rb â€“ rc)Â·Ï‰cm|/|Ï‰cm|â€‰=â€‰6.5â€‰Î¼m. Here, rb and rc are the centre of bacterial body and the centre of the colloids, respectively. The large discs indicate the positions of the corresponding colloids when lbcâ€‰=â€‰0. The lines connecting the small and large discs represent the projection of the 3D trajectories of colloids on the plane normal to â€“Ï‰cm in the reference frame of the bacterium, where the bacterial body sits at the origin (0, 0) and orientates in the Ï‰ plane indicated by the black dashed lines. The large black circles mark the boundary of the cylindrical space. The radius Rw and the pitch P of the helical trajectory of the bacterium are 1.3â€‰Î¼m and 6.5â€‰Î¼m, respectively. The radius of bacterial body is 1â€‰Î¼m. All the colloids initially located inside the cylindrical space are depleted out of the space as the bacterium approaches the colloids. The results are obtained from numerical simulations with hydrodynamics interactions35, where the interaction between one single colloid and one wobbling bacterium is simulated in each simulation run.


Extended Data Fig. 8 The volume fraction at which the motility enhancement peaks, Ï•max.
\({\varphi }_{{\max }}\) as a function of the radius of colloids or the hydrodynamic radius of polymer coils R. R is normalized by the characteristic radius of bacterial body rbâ€‰=â€‰1â€‰Î¼m. Except for the datum from ref. 19, all the \({\varphi }_{{\max }}\) are in the dilute regime.
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Supplementary Video The swimming of a bacterium near a colloid held in an optical trap. The radius of the colloid is 1.5â€‰Î¼m. The data points on the right show the swimming speed of bacteria (red squares) and the orientation of the bacterium with respect to the local tangential direction of the bacterial trajectory (black squares). Playing at 0.5Ã— speed, the video shows the simultaneous increase of bacterial swimming speed and reduction of bacterial wobbling when the bacterium swims near to the colloid (the green region).
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