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Abstract

:

The study of particle diffusion, a classical conundrum in scientific inquiry, holds manifold implications for various real-world applications. Particularly within the domain of active flows, where the motion of self-propelled particles instigates fluid movement, extensive research has been dedicated to unraveling the dynamics of passive spherical particles. This scrutiny has unearthed intriguing phenomena, such as superdiffusion at brief temporal scales and conventional diffusion at longer intervals. In contrast to the spherical counterparts, anisotropic particles, which manifest directional variations, are prevalent in nature. Although anisotropic behavior in passive fluids has been subject to exploration, enigmatic aspects persist in comprehending the interplay of anisotropic particles within active flows. This research delves into the intricacies of anisotropic passive particle diffusion, exposing a notable escalation in translational and rotational diffusion coefficients, as well as the superdiffusion index, contingent upon bacterial concentration. Through a detailed examination of particle coordinates, the directional preference of particle diffusion is not solely dependent on the particle length, but rather determined by the ratio of the particle length to the associated length scale of the background flow field. These revelations accentuate the paramount importance of unraveling the nuances of anisotropic particle diffusion within the context of active flows. Such insights not only contribute to the fundamental understanding of particle dynamics, but also have potential implications for a spectrum of applications.
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1. Introduction


Active coherent flows represent a novel class of non-equilibrium systems observed in various active materials, such as bacteria and cells [1,2,3,4,5,6,7,8], flocks of birds and schools of fish, among other animals [9,10,11,12,13,14,15], artificially self-propelled colloidal particles [16,17,18,19,20,21], or filamentous proteins [22,23]. Since the theoretical understanding of Brownian motion in a thermal bath by Einstein, the motion of tracer particles in such active flows has been a topic of significant interest [24,25]. These reports not only contribute to unveiling the non-equilibrium nature of active coherent flows, but also provide a crucial understanding towards the efficient mixing, transport, and intercellular communication of biological substances [26,27,28,29,30,31,32,33,34]. For example, by analyzing the motion and diffusion of fluorescent bacteria in active flows, it is revealed that individual bacteria exhibit superdiffusive motion within the population. Bacterial cluster formation shifts their motion from Brownian to a Lévy walk pattern. The investigation of nanoscale particle dynamics in a bacterial fluid further confirms that both the fluid driven by bacteria and its constituents follow Lévy walk characteristics. This dual-layer Lévy model suggests the enhanced long-distance transport of substances and information among bacterial clusters [35]. In response to environmental stressors such as antibiotics, bacteria have evolved adaptive strategies to survive. It has been observed that, as an adaptation strategy to cope with deteriorating survival conditions induced by factors like antibiotics, bacteria tend to elongate their body length. Interestingly, within the bacterial population, a minute proportion of elongated bacterial members can significantly enhance collective flow within the group [36]. This discovery provides novel avenues for investigating the regulation of collective behaviors in bacterial communities and the mechanisms underlying microbial antibiotic resistance. The diffusion of spherical passive particles in these active coherent flows has been extensively studied, revealing superdiffusion in the short term and normal diffusion over longer durations [2,27,37,38,39,40,41,42,43,44,45,46].



However, in biological systems, in addition to the spherical symmetric structure, particles commonly exhibit shapes that are anisotropic, such as ellipsoids, fibers [47], and contractile proteins [48]. This anisotropic nature results in the dynamic behaviors of particles that are markedly distinct from those of spherical particles, including directional variations and intricate coupling between translational and rotational motion. The behavior of anisotropic particles in passive fluids has been extensively studied theoretically and experimentally [49,50,51,52,53,54,55]. One year after the development of spherical particle theory, Albert Einstein extended Brownian dynamics to include rotational freedom, leading to the exploration of ellipsoidal particle diffusion. Francis Perrin quantified these observations in 1930 [56,57]. Vasanthi et al. used molecular dynamics simulations to study ellipsoidal particles within spherical ones, finding a linear relationship between translational diffusion coefficients and the particle aspect ratio. Vasanthi suggested that, initially, particles exhibit anisotropic diffusion dominated by translation. As time progresses, rotation becomes influential, resulting in a gradual transition from anisotropic to isotropic diffusion at long timescales [58,59]. Han et al. observed the quasi-two-dimensional Brownian motion of ellipsoidal particles in water, confirming a transition from short-term anisotropic to long-term isotropic diffusion in the laboratory coordinate system. However, in the intrinsic coordinate system, particle diffusion remains anisotropic, without a transition to isotropy [60,61].



Recently, there have been experimental studies focusing on the dynamics of anisotropic passive particles in active flows [62,63,64,65,66,67]. In comparison to Brownian motion scenarios, it has been observed that, in active flows, particles exhibit anomalous coupled diffusion behavior, specifically diffusing preferentially along their minor axis. Moreover, this anomalous coupling behavior intensifies with an increase in the number density of active particles in the background flow field. Through investigations into various active flows, it is proposed that this anomalous coupling arises due to the unique structure of the flow field. However, certain mysteries persist regarding the diffusion of anisotropic particles in active flow, such as whether the coupling between the translational and rotational motion of tracer particles is influenced by particle size and the flow structure of the background flow field, which has yet to be systematically explored in experiments.



Here, we employed non-motile bacteria of Escherichia coli (E. coli, antibiotic-cultured strain AW405) to obtain individuals with rod-like bodies of varying lengths. The flagella of the passive bacteria were selectively removed by repetitive aspiration with a micropipette. Active coherent flows with varying characteristic lengths, the correlation length of the velocity field, were generated by employing another type of swimming bacteria, Bacillus subtilis (strain BS168) at different concentrations. Different lengths of passive rod-shaped bacteria were introduced into the active coherent flow, and the diffusion behavior of the rod-shaped bacteria in the active coherent flow was investigated within a quasi-two-dimensional cylindrical chamber. In the laboratory coordinate system, we focused on the translational diffusion coefficient, rotational diffusion coefficient, and superdiffusion exponent of the passive rod-shaped particles in the bacterial active flow, examining their relationships with the bacterial concentration and particle length. We observed that both translational diffusion coefficient   D T   and rotational diffusion coefficient   D R   monotonically increased with an increase in bacterial concentration. Additionally, at the same bacterial concentration,   D T   and   D R   both exhibited a monotonic decrease with an increase in particle length, while the superdiffusion exponent index showed no dependence on the length of the passive particles. Subsequently, in the body coordinate system, an analysis of the mean-squared displacement of the passive particles revealed that we found that not all particles exhibited anomalous coupled diffusion behavior. In other words, the particles did not uniformly prefer diffusion along the short axis. We associated the particle diffusion with the flow structure length coupling of the active coherent flow and determined its dependence on the body size of the non-motile bacteria.




2. Materials and Methods


2.1. Experimental Setup


The entire experimental observation process took place within a thin cylindrical cavity on a Polydimethylsiloxane (PDMS) chamber, as illustrated in Figure 1. The cavity had a height of 10 μm and a diameter of 1000 μm. Concentrated bacteria (strain BS168) were used to generate active flows with coherent flow structures, and bacteria (strain AW405) with fluorescent dye were used as the non-motile elongated particles. The motility of AW405 was eliminated by removing the flagella, and their length can be tuned by adding an antibiotic. A drop of a mixed solution of concentrated BS168 and extremely dilute AW405 was introduced onto the glass cover slip and finally sealed with the PDMS chamber. The PDMS chamber was gas permeable, thus maintaining the motility of the bacteria for a certain time of around 30 min. We performed image acquisition with an inverted fluorescence microscope (Nikon Ti2-E, Nikon Corp, Tokyo, Japan) equipped with a high-speed camera (ORCA-Flash4.0 V3, Hamamatsu Photonics, Hamamatsu , Japan), focusing at the middle height of the channel. Two objective lenses of   40 ×   (NA = 0.6) and   60 ×   (NA = 1.2) were used with a visual field of about   328   μ m × 328   μ m   (  0.16   μ m  /px) and   225   μ m × 225   μ m   (  0.11   μ m  /px). Then, the movements of the fluorescent AW405 and non-fluorescent BS168 bacteria could be recorded in the fluorescent field and bright field, respectively, at a corresponding frame rate of 25 Hz and 50 Hz, with the same resolution of 2048 × 2044 px. The continuous sequence of bright-field images captured by the microscope provided the flow field information of the bacterial activity throughout the entire field. The PIVlabs macro in MATLAB 2020a analysis allowed us to obtain the velocity field from the raw video. Throughout all the PIV measurements, key parameters such as the window size and step size were set to 128 and 32 px, respectively. Subsequently, the optimal interrogation window size between the adjacent frames was calibrated to be 43.52 μm by 43.52 μm with a minimum lattice spacing of the velocity field 10.88 μm. The velocity field shown in Figure 1 illustrates the velocity vectors at each lattice. In addition, the spatial correlation of the bacterial activity flow structures could be determined using the velocity correlation function    C  ν ν    δ r  =  v  r  · v  r + δ r  /  v 2   r    , where denotes the spatiotemporal averaging. By fitting the data to the exponential decay function   e  − δ r / λ   , the correlation length  λ  could be calculated.




2.2. Bacterial Culture and Sample Preparation


Bacterial strains and culture conditions: Two bacterial strains, E. coli (strain AW405) and Bacillus subtilis (strain BS168), were employed in this study. Standard culture protocols were followed for both strains. Initially, approximately 10  μ L of the bacterial suspension (aspirated from a cryotube stored at −20 °C) was cultivated overnight (approximately 12 h) with shaking (200 rpm) in 20 mL Luria-Bertani broth (containing 1.0% (w/v) tryptone, 1.0% (w/v) NaCl, and 0.5% (w/v) yeast) at 30 °C. Subsequently, 100  μ L of the overnight culture was diluted 1:100 in Luria-Bertani broth and further incubated with shaking at 30 °C. After 2 h of incubation, cefotaxime (100  μ g/mL) was added to the AW405 culture to inhibit cell division while allowing normal growth, leading to gradual elongation of the bacterial cells. Upon achieving the desired length, fluorescent labeling was performed. The BS168 culture was shaken for approximately 6 h until optimal bacterial motility was observed, resulting in a cell density of approximately   10 8   cells/mL, as determined by optical densitometry at a wavelength of 600 nm. To maintain optimal bacterial motility and inhibit cell division, the bacterial suspension was washed twice with motility buffer (MB, 0.01 M potassium phosphate, 0.067 M NaCl, 10 M EDTA, pH = 7.0). After centrifugation to remove the supernatant, the pellet was resuspended in an appropriate volume of MB buffer. The optical density (OD) of the bacterial suspension was determined and recorded, with the volume fraction at the standard concentration    n 0  ≈ 8 ×  10 8    cells/mL being 0.1% and OD ∼1.



Staining of AW405 cell bodies and flagella: The staining procedure for AW405 cell bodies and flagella involved the following steps: First, the bacterial suspension was washed three times with motility buffer (MB). Subsequently, under subdued light conditions, the suspension was introduced to a mixture containing 5% sodium bicarbonate (1 M, pH = 7.8) and 2% FluorTM 488 (Thermo Fisher Alexa, Waltham, MA, USA) in dimethyl sulfoxide (DMSO) (99.9%, Sigma-Aldrich, Dorset, UK). The resulting mixture was gently shaken on a shaker (200 rpm, 30 °C) for 30 min. After shaking, the bacterial solution was combined with 5 mL of deionized water, gently stirred, and observed for bacterial activity under a microscope. Following successful staining and the optimal observation of bacterial activity, the stained bacterial suspension underwent a washing step to eliminate any residual dye, ensuring only fluorescent bacteria remained. Bacterial flagella were then sheared using a pipette through repeated aspiration until no flagella were visible under the microscope, inducing a quiescent state in the bacteria. Subsequently, the suspension was centrifuged, and an appropriate amount of MB solution was added for further use.





3. Results and Discussion


3.1. Superdiffusion of Elongated Particles in Active Flows


To illustrate the diffusion behavior of the passive particles in active flows, the trajectories of the passive particles with varying lengths are plotted in a flow field with a concentration of   36    n 0    for a duration of 40 s, as shown in Figure 2. When the particle length is short, it exhibits a significant and strong diffusion capability, covering a considerable spatial area within the flow field. However, with an increase in the particle length, the diffusion range gradually decreases, indicating a diminishing trend in the diffusion capacity of passive particles with increasing length in the same background flow field. To quantify the results, we employed the following formulas to calculate the mean-squared displacement in translation (  MSD T  ) and mean-squared angular displacement (  MSD R  ) of the passive particles in the laboratory coordinate system.


      MSD T  =  r   t  2   =    r  t +  t 0  − r   t 0     2   ,     



(1)






      MSD R  =  θ   t  2   =    θ  t +  t 0  − θ   t 0     2   ,     



(2)







Here, a rectangular bounding box encapsulates the passive particle, with the length of the box equal to the length of the passive particle and the width representing the particle’s width, as illustrated in Figure 2c;   r  t    and   θ ( t )   represent the center position and orientation of the rectangular frame along its trajectory at time t. The two degrees of freedom exhibit qualitatively similar trends in Figure 3a,b. In the short timescale, particles undergo superdiffusive motion, characterized by mean-squared displacement (MSD) scaling as   MSD ∼  t α    with   α > 1  . As time progresses, the motion gradually reverts to normal diffusion with   α = 1  . The respective diffusion coefficients are defined as    D T  =    Δ r  t   2   / 4 t   and    D R  =    Δ θ  t   2   / 2 t  , as illustrated in Figure 3c. The results demonstrate that both the   D T   and   D R   values increase with the bacterial concentration, in line with the results reported in the reference literature [62,63,65].



In the flow field generated by the freely swimming bacteria, the velocity decreases with distance following a   1 /  r 2    decay law when far from the boundaries. However, as the bacteria approach the boundaries and move near solid surfaces, the velocity decay is even faster, following a   1 /  r 4    pattern [3,68]. If the swimmer is confined between two no-slip walls, as in our flat chamber with a height H, then the flow field becomes exponentially decayed at distances    r  ≫ H   [69], suggesting the bacteria in the quasi-2D system with boundaries need a higher concentration to have a shorter average free path and to form collective motion under the hydrodynamic interactions between individuals [3]. Therefore, in our experiments, the relationship between the translational diffusion coefficient and the rotational diffusion coefficient with respect to the concentration did not exhibit a particularly distinct transition, as indicated in the reference literature [62]. This absence of a pronounced transition hindered our ability to determine the critical concentration at which the bacterial suspension underwent a transition from disorder to order. However, by empirical evidence, loosely speaking, about 1% of the volume fraction of the bacterial suspension was recognized as the critical concentration, above which the coherent flows were generated by the coordinated bacterial swimming [70,71]. By fitting the superdiffusive portion of the curves, we obtained the variation of the diffusion exponent  α  with the number density, as depicted in Figure 3d. The diffusion exponent  α  consistently increased monotonically with the bacterial concentration, indicating that the straight motion of the passive rod-like particles became more pronounced at higher bacterial concentrations, and the obtained results are consistent with those reported in the reference literature [33].



In order to better understand the influence of the length of the passive rod-like particles on their diffusion behavior, we introduced the antibiotic cefamandole during the cultivation of the non-motile AW405 bacteria to tune the body length. To comprehensively elucidate the influence of the passive particle length and bacterial concentration on the diffusion, we conducted calculations for the translational diffusion coefficient   D T  , rotational diffusion coefficient   D R  , and superdiffusion exponent  α  of the passive particles at different bacterial concentrations, as depicted in Figure 4. Figure 4a,b reveal a monotonic decrease in both   D T   and   D R   with an increase in particle length L. Since the viscous drag forces acting on moving particles are proportional to   L 2   with a constant cross-section, this leads to a decrease of the diffusion coefficients with the aspect ratio. We think that the cause of this phenomenon is longer particles, and the fluid may induce greater frictional forces, which could be a primary factor contributing to the observed decrease in diffusion. Additionally, it is noteworthy that the superdiffusion exponent  α  of passive particles, as shown in Figure 4c, is largely associated with the background flow field and exhibits minimal dependence on particle length.




3.2. Anisotropic Diffusion of Elongated Particles in Active Flows


Elongated particles moving in viscous fluid experience anisotropic drag forces. An interesting question is what are the transport properties of long particles under the coupling with active coherent flow, which still remains unclear. To explore the impact of particle anisotropy on diffusion, we analyzed the mean-squared displacements (  MSD ‖   and   MSD ⊥  ) of the passive particles along the long and short axes in the body coordinate system, as shown in Figure 5.



We constructed the total body frame displacement by summing the displacements at each small time step:    r i   t  =  ∑  n = 0  k  Δ  r i    t n    , where    t k  =  t 0  + t  ,   i = ‖   or ⊥. The decomposed MSD of the passive particles along the long and short axes is, respectively, denoted as    MSD ‖  =  〈 Δ  r ‖  〉    and    MSD ⊥  =  〈 Δ  r ⊥  〉   , as illustrated in Figure 5a,b. We observed that, at the same bacterial concentration, the passive particles of short and long particles exhibited different behaviors. For a relatively short particle, a slight larger   MSD ⊥   compared to   MSD ‖   at a short timescale represents a weak preference for transporting perpendicular to its major axis. For the long particle, an apparently larger   MSD ‖   means it behaves in the opposite way. To elucidate this phenomenon, we employed the Green–Kubo formula to investigate the translational diffusion coefficients along the major and minor axes in the body-fixed coordinate system. The diffusion coefficient is defined as the integral of the velocity autocorrelation function [62,72].


      D i  =  ∫  0  ∞    v i    t 0  + t  ·  v i    t 0    d t ,     



(3)




where   i = ‖   or ⊥. Assuming a low correlation between the magnitude and direction of the velocity, Equation (3) can be expressed as follows:    D ‖  =   v 2    ∫  0  ∞   cos  β   t 0  + t   · cos  β   t 0     d t  ,    D ‖  =   v 2    ∫  0  ∞   sin  β   t 0  + t   · sin  β   t 0     d t  , Here,  β  represents the angle between the particle velocity direction and its major axis and    v 2    denotes the kinetic energy of the particle. Furthermore, due to the exponential decay of the autocorrelation function of the velocity directions, we have:    cos  β   t 0  + t   · cos  β   t 0     =   cos 2    t 0    · e x p  − t /  τ ‖    ,    sin  β   t 0  + t   · sin  β   t 0     =   sin 2    t 0    · e x p  − t /  τ ⊥    , where the correlation time  τ  represents the characteristic time of the spontaneous flow in the bacteria’s active flow. Finally, the ratio of the diffusion coefficients can be expressed as:    D ‖  /  D ⊥  =  v  ‖  2  /  v  ⊥  2  ·  τ ‖  /  τ ‖   . The combined effects of these parameters result in the observed differences in the diffusion coefficients, as illustrated in Figure 6. In Figure 6a, we observe that the ratio of the correlation time along the two axes shows a slight decay with strong fluctuations. This differs from the results in previous work [62], in which the time ratio monotonically goes from greater than 1 to less than 1 along the bacterial concentration. We believe that this difference is due to the irregularity of the shape of the passive bacteria, compared to controllable ellipsoidal particles. Additional, in Figure 6b, the parameter    v  ‖  2  /  v  ⊥  2    is greater than 1 at low concentrations, gradually decreasing to approach a constant value around 1 at high concentrations. However, in the current work,    v  ‖  2  /  v  ⊥  2    did not exhibit values less than 1. This observation is primarily attributed to the confinement of the chamber utilized in our experiments. This constraint restricts the correlation length of the background flow field, resulting in a scarcity of passive bacteria with body lengths much smaller than the correlation length. However, the ratio of the translational diffusion coefficients along the long and short axes decreases with increasing bacterial concentration in Figure 6c, consistent with previous work.



To comprehensively understand the observed phenomenon, we speculated that it is likely related to the flow structure of the background flow field. Therefore, we measured the correlation length of the background flow field at different bacterial concentrations, as shown in Figure 7b. To further validate our hypothesis, in the laboratory coordinate system, we measured the absolute angle   Δ θ   between the long axis p of passive particles and the instantaneous velocity direction. The probability density distribution of   Δ θ   is illustrated in Figure 7a. If an ellipsoidal particle moves along its major axis,   Δ θ ≈  0 ∘   . Conversely,   Δ θ ≈  90 ∘    corresponds to the transverse motion of the passive particles. We observed that, when the length L of the passive particles exceeds the correlation length  λ  of the active flow, the probability density distribution peaks at   Δ θ ≈  0 ∘   , indicating a preference for diffusion along the long axis. Conversely, when L is less than  λ , the peak of the probability density distribution gradually shifts towards   Δ θ ≈  90 ∘   , suggesting a tendency for diffusion along the short axis.



The analysis suggests that the length of the passive particles L and the correlation length  λ  of the background flow field are crucial parameters determining the direction of passive particle diffusion. Subsequently, we related the anisotropic diffusion of the passive particles to the flow structure of the active flow and studied the ratio    D ‖  /  D ⊥    as a function of   L / λ  . The results in Figure 8 show that    D ‖  /  D ⊥    increases monotonically with   L / λ  . This indicates that, when   L / λ   is small, i.e., when the particle length is much smaller than the correlation length of the background flow field, the particle is influenced by a single coherent stream in the active flow, which drives the particle motion along the short axis. For particles with a length greater than the correlation length, they are simultaneously influenced by multiple streams, causing the passive particles to preferentially move along their long axis.



The observed phenomena suggest a complex interplay between bacterial concentration, particle length, and diffusion behavior. The superdiffusive motion of passive rod-like particles is influenced by bacterial concentration, with higher concentrations leading to more-pronounced superdiffusion. Additionally, the particle length plays a crucial role in determining the translational and rotational diffusion coefficients, while maintaining the robustness of superdiffusion. The anisotropic diffusion observed at different bacterial concentrations and particle lengths highlights the intricate coupling between particle motion and the surrounding active flow. The dependence of the anisotropic diffusion on the correlation length of the active flow provides valuable insights into the underlying physics governing the behavior of passive rod-like particles in bacterial baths.



The current theoretical predictions and experimental validations indicate that the aspect ratio of self-propelled particles plays a crucial role in their collective behavior [73]. Despite their relatively low abundance, longer bacteria contribute to the aggregation process at lower densities by aligning themselves, enhancing cooperative motion and facilitating large-scale global superdiffusion. However, due to the substantial number of bacteria involved in the collective motion, studying an individual bacterium within the cluster poses challenges. Bacterial motion is not only influenced by neighboring bacteria, but also by their own self-propulsion. In examining a single bacterium within a cluster, challenges arise as its velocity is influenced by its intrinsic characteristics, while the surrounding bacteria also exert an influence.





4. Conclusions


We have presented an experimental study on the transport of passive anisotropic particles in active flow generated by motile bacteria. We found, consistent with spherical particles, a superdiffusion at a short time and returning back to normal diffusion at a long time. The translational and rotational diffusion coefficients decay as the length increases. Besides this, the transport of these passive particles is not only influenced by their length L, but also related to the correlation length of the background active flow  λ .



Specifically, when the length of the passive particles was greater than the correlation length of the active flow, we found that the particles exhibited faster diffusion along their main axis, resembling the dynamics of ellipsoids undergoing Brownian motion. Conversely, when the length of passive particles was smaller than the correlation length of the flow filed, the particles showed faster diffusion along the transverse direction of their main axis. Furthermore, we investigated the coupling between the anisotropic diffusion of the passive particles and the flow structure of the active flow. By studying the ratio of the transport diffusion coefficient along the main axis   D ‖   to the transverse diffusion coefficient   D ⊥   as a function of the length-to-fluid correlation-length ratio   L / λ  , we found that both    D ‖  /  D ⊥    monotonically increased with the increase in   L / λ  . Our investigation addressed the gap in understanding anisotropic particle dynamics in active coherent flows, providing novel insights into the interplay between particle morphology, flow structure, concentration, and diffusion behavior.
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Figure 1. Experimental setup. (a) In a thin cylindrical chamber with a height of 10 μm and a diameter of 1000  μ m, we investigated the dynamics of AW405 passive rod–shaped bacteria of varying lengths in the active flow of the BS168 suspension. (b) Different lengths of AW405 passive rod–shaped bacteria, with a constant width, were captured under fluorescent illumination. After selectively removing the flagella and staining, only the bacterial heads were visible, confirming the passive rod–like characteristics. (c) The bright–field snapshot of the bacterial suspension was recorded and analyzed by PIV measurements, thus obtaining the velocity field. 
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Figure 2. Typical trajectories of non–motile bacteria of different body lengths and the swimming bacteria with a concentration of 36   n 0  , where the green bacteria shape indicates the start of the trajectory and the red bacteria shape indicates the end posture. (a)   L = 3   μ m  , (b)   L = 12   μ m  , and (c)   L = 20   μ m  . 
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Figure 3. Bacterial particles with a length of 13  μ m undergo translational and rotational diffusion in an active flow environment with swimming bacteria. (a,b) Translational and rotational mean-squared displacement   MSD T  ,   MSD R   of tracer particles at different bacterial concentrations. (c) The dependence of translational and rotational diffusion coefficient   D T  ,   D R   on bacterial concentration. The vertical dashed line indicates the critical density to exhibit collective motion. (d) The relation between superdiffusion exponent  α  and bacterial concentration. 
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Figure 4. (a,b) The translational diffusion coefficient   D T   and rotational diffusion coefficient   D R   decrease with the aspect ration   L / d  , within active flows generated by swimming bacteria at different concentrations up to   41    n 0   . (c) the variation of the superdiffusion exponent index  α  with   L / d  , where   d = 1   μ m  . 
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Figure 5. Diffusion in the moving coordinates (body frame). The MSD of two bacteria with different lengths in the body frame coordinate system at a uniform bacterial concentration of 41   n 0  . (a)   L = 5   μ m   and (b)   L = 16   μ m  . 
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Figure 6. Velocity autocorrelation time projected in the parallel   τ ‖   and perpendicular   τ ⊥   direction along the major axis of the passive bacteria body in the moving body frame system. In the body coordinate system, the variations of the different lengths of the passive particles with the bacterial concentration (a)    v  ‖  2  /  v  ⊥  2   , (b)    τ ‖  /  τ ⊥   , and (c)    D ‖  /  D ⊥    are plotted, respectively. 
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Figure 7. Motion of the passive particle along its long axis depending on the flow structure of the active bath. (a) Probability Density Function (PDF) distribution of the absolute values of the angles between the long axis of the passive particles and the velocity direction. (b) Variation of the correlation length  λ  of bacterial active flows with the bacterial concentration. 
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Figure 8. Anisotropic diffusion of passive elongated particle in active flow with the compliance between the particle geometry and active flow with different coherent lengths. In the bacterial active flow, the ratio of the anisotropic diffusion coefficients    D ‖  /  D ⊥    of the passive particles in the body coordinate system varies with the ratio of the length L to the fluid correlation length  λ . 
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