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A B S T R A C T   

We investigate the motility of B. subtilis under different degrees of confinement induced by transparent porous 
hydrogels. The dynamical behavior of the bacteria at short times is linked to characteristic parameters describing 
the hydrogel porosity. Mean squared displacements (MSDs) reveal that the run-and-tumble dynamics of un
confined B. subtilis progressively turns into sub-diffusive motion with increasing confinement. Correspondingly, 
the median instantaneous velocity of bacteria decreases and becomes more narrowly distributed, while the 
reorientation rate increases and reaches a plateau value. Analyzing single-trajectories, we show that the average 
dynamical behavior is the result of complex displacements, in which active, diffusive and sub-diffusive segments 
coexist. For small and moderate confinements, the number of active segments reduces, while the diffusive and 
sub-diffusive segments increase. The alternation of sub-diffusion, diffusion and active motion along the same 
trajectory can be described as a hopping ad trapping motion, in which hopping events correspond to displace
ments with an instantaneous velocity exceeding the corresponding mean value along a trajectory. Different from 
previous observations, escape from local trapping occurs for B. subtilis through active runs but also diffusion. 
Interestingly, the contribution of diffusion is maximum at intermediate confinements. At sufficiently long times 
transport coefficients estimated from the experimental MSDs under different degrees of confinement can be 
reproduced using a recently proposed hopping and trapping model. Finally, we propose a quantitative rela
tionship linking the median velocity of confined and unconfined bacteria through the characteristic confinement 
length of the hydrogel matrix. Our work provides new insights for the bacterial motility in complex media that 
mimic natural environments and are relevant to important problems like sterilization, water purification, biofilm 
formation, membrane permeation and bacteria separation.   

1. Introduction 

Motile bacteria are ubiquitous in micro-environments like animal or 
plant tissue, soil, waste, granulated, and porous materials, and play a 
fundamental role in health (infectious diseases[1,2], nutrition[3], 
pharmaceuticals[4]), agriculture[5,6], environmental science[7,8], and 
industrial activities[9]. Bacterial motility is associated with specific 
propelling mechanisms[10] that allow them to run, reorient and diffuse 
in a multitude of environments with narrow porosity comparable in size 
with the bacterial cell. The most commonly observed propulsion 
mechanism is the flagellum-based motion. This is governed by the 
number of flagella and their distribution on the bacterial cell that, 
coupled with the bacterial morphology (i.e. coccus, bacillus, vibrio), 
determine different motility modes (i.e. run-and-tumble, run-and-flick) 

[11], and various motility behaviors (e.g., swimming, tumbling, and 
swarming)[10,12]. The full hydrodynamic description of the 
flagella-induced propulsion has been previously reported[13]. For 
rod-shaped swimming bacteria, the run-and-tumble motility mode is the 
most common. It consists in the repetition of straight-line running pro
cesses (run) in which bacteria propel themselves through the rotation of 
bundled flagella, and rapid reorientations (tumble) in which bacteria 
unbundle the flagella allowing a change of direction in response to 
stimuli. For times longer than the duration of a run, the run-and-tumble 
motion becomes diffusive, with a translational diffusion coefficient 
given by 1∕3〈Vr〉〈Lr〉 [14], (where 〈Vr〉 and 〈Lr〉 define the mean speed 
and length of the run, respectively). 

The effects of the bacteria environment on this type of motility has 
been studied in detail during the last years. In particular the effect of the 
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vicinity of surfaces was investigated using traditional flat plate cultures 
[15–18]. Interestingly, it was found that the presence of a surface 
significantly affects the swimming motion leading to transient accu
mulation of bacteria close to the surface due to hydrodynamic-induced 
attractions[17], noise effects[18] and persistent motion[19,20], even 
in the absence of any additional physical constraint. Recent studies in 
channel confinement show that an important role is also played by a 
large variation in the run-time duration[21]. While traditional growth 
media allow direct observation of both growing colonies and single-cell 
motion, they are not representative of the natural habitats of microor
ganisms (i.e., heterogeneous 3D micrometric porous media) and of the 
surfaces with which bacteria interact. A first step in the direction of 
exploring 3D confinement effects that mimic those of natural habitats 
was the investigation of motility in confining microfluidic channels 
[22–25,26]. These studies revealed the importance of cell-surface in
teractions, showing that bacteria swim at significantly higher speed near 
the surface of the microfluidic channel[23,25]. Furthermore, the 
swimming path and speed are significantly affected by the channel’s 
diameter: narrowing the confining channel results in a dramatic 
reduction of the swimming speed and of the reorientation capacity of the 
bacteria. Increasing the complexity of the confining structure, moving 
from linear or comb channels to a microfluidic labyrinth, dramatically 
affects the motility properties of swimming bacteria. Despite the 
numerous interesting findings, microfluidic conditions are still far from 
natural conditions, where bacteria swim in multiple interconnected 
channels of different sizes within 3D porous media. 

Efforts in approaching such complex conditions include a pheno
melogical analysis of bacterial motions in granular media[27], and nu
merical simulations of model porous media[28,29], that focused on the 
effects of interactions of bacteria with solid surfaces. These interactions 
significantly influence bacterial reorientation[26,29,30]. Major ad
vances were achieved recently through the development of transparent 
heterogeneous matrices[31–33] to directly observe and study bacterial 
migration in disordered highly confining 3D environments. As high
lighted by Datta et al. in their works on E. coli[31,34], the motility in 
highly complex porous media, in which pore sizes become comparable 
to the bacteria body size, cannot be described in terms of the classic 
run-and-tumble model, even when the running length is replaced by the 
characteristic diameter of the pores[35,36]. The bacterial dynamics 
change qualitatively, being characterized by alternate trapping in tight 
or tortuous paths, and hopping out of them through active, directed 
runs. This lead to a revisited model of diffusivity that provides good 
agreement with experimental observations. Some questions remained 
however opened. The first question is whether the qualitative change in 
the dynamics observed for E. coli is a general feature of confined motion 
of flagellated bacteria presenting run-and-tumble motility. In addition, 
the hopping and trapping model was used to describe the final diffusion 
of bacteria, that follows a regime of anomalous diffusion, in which the 
dynamics become progressively sub-diffusive with increasing degree of 
confinement. Whether this regime can be rationalized in terms of a 
qualitative change in the dynamics of single bacteria and how his extent 
and the eventual transition to diffusion depend on confinement remains 
unclear. 

In this work, we address these open questions through a detailed 
single cell analysis of the dynamics of a different flagellated bacterium, 
Bacillus subtilis, a Gram-positive, non-pathogenic, rod-shaped soil bac
terium that is recognized as a “universal cell factory” in the industrial 
production of enzymes, proteins, and other bio-products[37]. Thanks to 
its excellent physiological characteristics[38,39], an highly adaptable 
metabolism and its bio-film forming capacity, B. subtilis finds application 
in many fields of technology, from agriculture for the bio-fertilization of 
the soil to the development of biomaterials[40–43–46]. Despite this 
large number of attractive applications, B. subtilis remains far less 
studied than its Gram-negative counterpart, E. coli, and a clear expla
nation of the role of its transport properties on its beneficial effects was 
only partially explored[47]. To induce confinement we used 

application-relevant, disordered 3D transparent hydrogels of poly
ethylene glycol with porosity that can be tuned at the micron scale[33]. 
Detailed characterization of the porosity was achieved through the 
analysis of volume image stacks of fluorescently labeled hydrogels. 
Through single-cell tracking applied to time series of confocal micro
scopy images, we analyzed the trajectories of hundreds to thousands 
individual bacteria (depending on confinement) confirming that also for 
B. subtilis the average mean squared displacements (MSD) show a pro
gressive transition from active to sub-diffusive motion at short times 
with increasing the confinement length. This transition was associated 
to an increase in the reorientation rate and a decrease in the median 
instantaneous velocity of the bacteria. To understand the microscopic 
origin of the observed anomalous diffusion, we classified segments of 
bacterial trajectories as active, normal, and sub-diffusive under the 
different confinement conditions investigated. This classification 
showed that the anomalous diffusion regime and its dependence on 
confinement can be understood microscopically in terms of the popu
lation of active, diffusive and sub-diffusive trajectory segments that 
compose a single trajectory. While in unconfined conditions almost only 
active segments were observed, for the strongest confinement these 
almost disappeared in favor of sub-diffusive segments. We revealed in 
addition that sub-diffusive segments can be seen as trapping events, 
while active and diffusive segments as hopping events. Thus, different 
from what reported for E. coli, release from local trapping occurs 
through both diffusive and active motion. Finally, we show that at the 
longest time measured for the MSDs, the time-dependent diffusion co
efficient presents values consistent with the hopping and trapping 
model, and that the average bacterial velocity in confinement can be 
expressed in terms of the unconfined velocity through the characteristic 
size of the confining pores. 

2. Materials and methods 

2.1. Chemicals 

Poly(ethylene glycol) (PEG), molar weight 35000 g/mol (purity 
99%), acryloyl chloride (purity 97%), and 2,2-Dimethoxy-2-phenylace
tophenone (DMP) (purity 97%) were purchased from Merck. As reported 
in [48], the hydroxyl termini of PEG polymeric units were acrylated by a 
4-fold molar excess of acryloyl chloride and triethylamine in 100 mL of 
dichloromethane under nitrogen atmosphere. The obtained poly 
(ethylene glycol) diacrylate (PEGDA) was precipitated in cold diethyl 
ether. The obtained white powders were dried and stored at − 20∘C until 
use. 

Water solution of glutaraldehyde (5 wt%), tert-butanol solution of 
Osmium tetroxide (2.5 wt%) and Phosphate buffer saline pills were 
purchased from Sigma Aldrich. The fluorescent probes Rhodamine B 
(RhB) (purity ≥95%) and SYTO9 (from Live/Dead BacLight™), 
respectively from Sigma Aldrich and Thermo Fisher Scientific, were used 
to prepare the dye solutions following instructions provided by sup
pliers. Water was purified by a Millipore Milli-Q gradient system (re
sistivity < 18 MΩ ⋅ cm). 

2.2. Hydrogel preparation 

Hydrogels’ synthesis was carried out by radical photo- 
polymerization of the acrylated polymeric units (PEGDA) in water so
lution. In order to obtain transparent polymeric networks with porosity 
in the range from 5 to 20 μm, an experimental procedure developed in 
previous studies was followed[33]. 10 μL of a DMP ethanol solution (0.2 
g/mL) were added to the macro-monomer water-solutions and the 
mixtures were fluxed with nitrogen for 1 minute. The homogenized 
pre-reaction mixture was placed in demountable glass molds of 2 mm in 
thickness and completely polymerized under UV light (power = 55 W 
and λ = 365 nm) overnight. After polymerization, the hydrogels were 
cut into squares of 1 cm side and kept in water until reaching 

G. Bassu et al.                                                                                                                                                                                                                                   



Colloids and Surfaces B: Biointerfaces 236 (2024) 113797

3

equilibrium, replacing the water every 24 hours. The swollen hydrogels 
were then freeze dried to induce porosity at the microscale by immersion 
in liquid nitrogen for 5 minutes and then dried at − 55∘C and 40 mtorr 
overnight. The ice crystals generated during the freezing process act as a 
porogen within the polymeric network. After the freeze-drying proced
ure, the gels were re-hydrated in MilliQ water for 48 hours. After 
lyophilization, the re-hydrated samples kept their elasticity and me
chanical properties, showing a small loss of transparency. This however 
did not significantly affect the confocal microscopy measurements. The 
prepared gels were labeled with Rhodamine B to directly observe the 
porous structure during each experiment. Each gel was equilibrated in 
Rhodamine B solution for 72 hours. The hydrogels were named using the 
initial letter “P” followed by the monomer concentration in the 
pre-reaction mixture. Under this notation, the investigated hydrogels 
fall in the range from P10 to P25. Fig. S1 in the Supplementary Infor
mation (SI) evidences the effects of lyophilization on the hydrogel 
porosity: without the lyophilization step, compact gel structures were 
obtained. 

2.3. Bacterial culture 

Bacillus subtilis (B. subtilis) type strain DMS-10 was purchased from 
DMSZ (Germany). The bacterial pellet was reactivated following the 
supplier’s instructions. Then the activated culture was diluted in fresh 
tryptic soy broth (TSB) to reach the optical density of approximately 1, 
measured at the wavelength of 600 nm (OD600) with a Thermo Scientific 
NanoDrop OneC UV-Vis Spectrophotometer. An overnight culture of 
B. subtilis was prepared for each experiment by inoculation of one colony 
in 5 mL TSB at 32∘C under agitation at 260 rpm. The stationary phase 
was confirmed thanks to the measure of OD600 of the bacterial disper
sion at intervals of 30 minutes. To maximize the number of motile cells, 
the bacterial dispersion was diluted to OD600 = 0.15 in fresh TSB and 
kept at the growing conditions for 30 minutes. Direct visualization of the 
motile cells was performed by staining B. subtilis’s cells with SYTO9 
directly on the activated dispersion. The dye solution was added to the 
bacterial dispersion to a final concentration of 10 vol% and kept under 
soft agitation for 15 minutes in the dark. The final bacterial dispersion 
was sufficiently diluted to minimize local gradients of oxygen or nutrient 
concentration and intercellular interactions throughout the entire 
media. 

2.4. Characterization of the hydrogel porosity by confocal microscopy 

Imaging of hydrogel volumes was carried out using a Leica TCS SP8 
confocal microscope. Lab-Tek chambered coverglass with 1.0 borosili
cate glass bottom were used as sample holders. A 63 × oil immersion 
objective with N.A. = 1.43 was used for all experiments. The rehydrated 
hydrogels were immersed in a solution of RhB for 72 hours to allow 
physical adsorption of the dye in the polymeric network. The fluorescent 
dye was excited with a laser having a wavelength of 561 nm, and the 
fluorescence emission was acquired using a highly efficient hybrid de
tector in the 600–700 nm range. The greater affinity of the fluorescent 
dye to the polymeric network ensures the direct observation of the 
porous network with good contrast between the labeled gels and the dye 
solution. Due to that, no washing cycles were required to remove the dye 
solution. 3D stacks of 1024 × 1024 × 40 pixels3, corresponding to 
volumes of 90 × 90 × 40 μm3, were acquired. In order to extrapolate the 
morphological features of the porous networks, 3D stacks acquired by 
confocal microscopy were analyzed using MorphoLibJ, a library of 
mathematical methods for ImageJ[49]. The “Distance Transform 
Watershed” method was applied to the binary images to distinguish each 
pore allowing the extrapolation of the geometrical and morphological 
parameters. 

2.5. Morphological characterization of bacteria by scanning electron 
microscopy 

Morphological characterization of B. subtilis was performed by 
scanning electron microscopy (SEM). To fix the biological tissue, after 
overnight culture, 1 mL of the bacterial dispersion was centrifuged 
(1500 g for 10 min), suspended in 1 mL of 2.5 wt% glutaraldehyde so
lution, and incubated for 24 hours at 4∘C in the dark. The bacterial 
suspension was washed with phosphate buffer 0.2 M solution (PBS) and 
then resuspended in 1 wt% osmium tetroxide PBS solution for 2 hours. 
Afterwards, the bacterial dispersion was washed twice with PBS. The 
sample was dehydrated in rising ethanol gradient 50, 70, and 95 vol% 
for 10 min and then 100 vol% for 1 min. Further dehydration was car
ried out with three washing steps of 30 s in acetone-ethanol solutions of 
1:2, 1:1, 2:0 v/v respectively. Scanning electron microscopy (SEM) 
investigation on the metallized sample was performed using a FEG-SEM 
ΣIGMA (Carl Zeiss, Germany), at a working distance of 3 mm and with 
an acceleration potential of 2 kV. 

2.6. Adsorption of bacteria within the hydrogels 

Bacteria were adsorbed within the hydrogels by immersion of the gel 
in bacterial dispersion. To erase possible biases of different nutrient or 
oxygen concentrations, the hydrogels were previously equilibrated in 
fresh TSB culture overnight in sterile vials. In order to induce the desired 
adsorption within the polymeric network, 200 μL of the bacterial 
dispersion prepared in section 2.3 were gently placed in an 8-well Labtec 
sterile plate and then equilibrated hydrogels were then directly placed in 
contact with the bacterial dispersion and kept under soft agitation for 15 
minutes in the dark. The bacterial penetration and proliferation were 
observed by 3D stacks acquired by confocal microscopy. 

2.7. Tracking of bacterial motions 

The motility of the bacteria was determined through confocal mi
croscopy measurements in unconfined and confined conditions using 
the same instrumental setup described for the morphological charac
terization of the porous networks. Rhodamine B (hydrogel) and SYTO9 
(bacteria) were excited with 561 nm and 488 nm lasers, respectively, 
while the fluorescence emissions were acquired using two highly effi
cient hybrid detectors in the 571–600 nm (hydrogel) and 498–550 nm 
(bacteria) ranges. Time-series of 2000 images of 512 × 512 pixels2, 
which correspond to a sample area of 42 × 42 μm2, were acquired in the 
bulk with a frame interval of 0.036 s. All measurements were conducted 
at room temperature. Image time-series of the diffusing bacteria were 
analyzed using Trackpy v0.50[50,51] to obtain particle locations and 
trajectories. The software allowed the correction of any background drift 
which might be due to large-scale flow or any microscope stage move
ment. The ensemble mean squared displacement (MSD) of all particles 
was computed using the “emsd” function in Trackpy. TrackMate and 
TrackClassifier, two Fiji plugins, were used in order to analyze single 
trajectories and their characteristic speeds, and to classify them into 
normal diffusion, sub-diffusion, confined diffusion, and directed/active 
motion[52–54]. In TrackMate the Difference of Gaussian (“DoG”) 
detection algorithm was applied to automatically detect the bacteria in 
the acquired image time-series. The Linear Assignment Problem (LAP) 
particle-tracking algorithm[55] was selected to link the positions to 
form trajectories. The obtained trajectories were classified through 
TrajClassifier. 

3. Results and discussion 

3.1. Characterization of the porous networks 

The morphological and geometrical characterization of the pores 
performed by confocal microscopy revealed a progressive reduction of 
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the pore size with the increase of PEG content. Fig. 1 shows exemplary 
3D image stacks from fluorescently labeled gels. It is evident that the 
pores decrease in size with increasing PEG content (from (a) to (c)). The 
precise morphological characterization of the confining structures per
formed with MorphoLibJ (see Sec. 2.4 for more details) allowed the 
extrapolation of the pore volume fraction (Φ), defined as the sum of the 
pores’ volumes divided by the total volume of the imaged portion of the 

gel (Vtot): 

Φ =

∑
iV

i
pore

Vtot
(1)  

where Vi
pore indicates the volume of pore i. Moreover, from the 2D sec

tions of the stacks, the mean diameter of the equivalent circle for each 
detected object, 〈d〉, was extracted (mean values for each hydrogel are 
reported in Tab. S1 of the SI). These values were used to calculate the 
pore area fraction (α), defined as the total area of the pores in the 
investigated 2D plane normalized by the total area of the 2D plane: 

α =

∑
iA

i
pore

Atot
(2)  

where Ai
pore is the area of pore i. Finally, in order to assess the pore ge

ometry and symmetry, after removing the pores on the edges the image 
stacks were analyzed to extract the three characteristic lengths of the 
ellipsoid that best fits within a pore, called R1, R2 ans R3 (see Fig. 1b for 
the definition of the axes 1, 2 and 3). 

Consistent with the qualitative discussion of Fig. 1, the mean diam
eter 〈d〉 obtained by the analysis of 2D slices (such as those in Fig. S4 of 
the SI) decreases from approximately 20 μm to 5 μm for a PEG content 
increase from 10 wt% to 25 wt% (〈d〉 values reported in Tab. S1 of the 
SI). Exemplary 3D pore reconstructions obtained through MorpholibJ 
are reported in Fig. S1 of the SI. The pore volume fraction (Φ) decreases 
from 65% to 45% with increasing macro-monomer content from 10 to 
20 wt%, and dramatically drops for larger PEG concentrations, reaching 
the value 4.5% for the sample with a PEG content of 25 wt% (Fig. S2 in 
the SI). These results indicate a qualitative change from a network 
structure with interconnected pores to a more compact structure with 
fewer and less interconnected pores when the PEG content becomes 
larger than 20 wt%. A comparable trend is obtained for the area fraction 
(Fig. S2 in the SI). The geometrical analysis of pore symmetry in terms of 
the ellipsoid axed R1, R2 ans R3 revealed the presence of channel-like 
pores elongated in the 1 direction and with asymmetric sections in the 
2–3 plane (see pore reconstructions in Fig. S1 of the SI). Overall, the 
analysis of the pore structure confirms the impact of the freeze-drying 
and the role of the ice-crystals as a porogen.[56,57]. 

3.2. Morphological characterization of the bacteria 

The morphology and characteristic size of B. subtilis was investigated 
using SEM imaging. The fixation procedure preserved the delicate bac
terial main structure from collapsing in the vacuum conditions of the 
SEM measurements. As shown in Fig. S3 of the SI the metallization 
process preserved the bacterial cells from biases allowing the clear 
observation of the bacterial main body. Consistent with the literature 
[58] the growth conditions produce well-defined cells of length lbacteria 
= 2.10 ± 0.20 μm and width wbacteria = 0.60 ± 0.05 μm, with the error 
estimated on the basis of image analysis. Unfortunately, bacterial 
flagella could not be observed. Due to their intrinsic fragility, the flagella 
were damaged during the fixation and metallization steps. 

3.3. Dynamics of bacteria 

Thanks to the different labeling of the bacteria and the hydrogels, 
one can clearly observe in Fig. 1 that the B. subtilis bacteria were suc
cessfully absorbed in the bulk of the hydrogels. While in principle 
confocal microscopy would allow following the bacterial dynamics in 
3D, at least for the unconfined bacterial dispersion the bacteria moved 
faster than the acquisition rate of image stacks. For this reason, we 
decided to investigate the dynamics in a 2D plane (2–3 plane, see 
Fig. 1b) in the bulk. Owing to the channel-like nature of the porosity, 
with the pore size in the 1 direction being much larger than that in the 
2–3 plane, we can in any case assume that the major confinement effects 

Fig. 1. Confocal microscopy image stacks of RhB labeled porous hydrogels 
(red) with increasing PEG content: (a) P10, (b) P16 and (c) P20. B. subtilis cells 
adsorbed within the hydrogels are labeled in green. 
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should be revealed by the study of the in-plane dynamics. Exemplary in- 
plane images of the bacteria confined in hydrogels of decreasing pore 
size are shown in Fig. S4 of the SI. 

3.3.1. Mean squared displacements 
The average bacterial mean squared displacements (MSD) were 

calculated from the trajectories determined using Trackpy according to 
the following expression: 
〈
Δr2(τ)

〉
=

〈
[x(t + τ) − x(t)]2 + [y(t + τ) − y(t)]2

〉

i,t (3)  

where x and y are the time-dependent coordinates of the centroid rep
resenting the diffusing bacteria and 〈〉i,t indicates an average over all 
bacteria i and all starting times of the trajectories extracted from an 
image time-series. τ is the lag-time between two positions of a particle 
along a trajectory. The average MSDs obtained for bacteria confined in 
hydrogels of different porosity are shown in Fig. 2a. To characterize the 
different degree of confinement, we introduce the confinement length ξ, 
defined as the ratio between the bacterial length and the average pore 
diameter: 

ξ =
lbacteria

〈d〉
(4) 

Values of ξ for different confining conditions are reported in Tab. S1 

of the SI. 
As it can be clearly seen, the MSD progressively decreases with 

decreasing the average pore diameter (increasing confinement length). 
To assess the nature of the bacterial motion, we fit the time dependence 
of the MSDs using the following expression: 
〈
Δr2(τ)

〉
= 4〈K〉τn (5)  

were 〈K〉 is an average transport coefficient while the exponent n is 
related to the nature of the motion. Note that the units of 〈K〉 are μm2/sn 

and change depending on n for the different samples. For n = 1 the 
motion is diffusive, while for n smaller than 1 it becomes sub-diffusive. 
In the case of active motion, at short times n becomes greater than 1 
highlighting super-diffusive motion. Consistent with expectations, un
confined bacteria exhibit at short times run-and-tumble motion, as also 
evidenced by single trajectories (Fig. 2b, left panel). This is confirmed by 
the super-diffusive exponent n ≈ 1.70[59,60] obtained by fitting Eq. (5) 
to the experimental MSD. The fit also yields the transport coefficient 〈K〉
= 26.28 μm2∕s1.70. Fitting instead the last points of the MSD for τ > 0.8 s, 
where the slope changes indicating onset of randomization and diffu
sion, using 〈Δr2(τ)〉 = 4〈D〉τ, we obtain 〈D〉 ≈ 20.05 μm2/s, that agrees 
well with previous findings[59] even if the number of points used for the 
fit is small. 

For the confined cases, following theoretical models of anomalous 

Fig. 2. (a) Mean Squared Displacements of bacteria in unconfined conditions (empty markers) and loaded in the different porous hydrogels (full markers). Dotted 
lines represent fits according to Eq. (5). (b) Exemplary single trajectories obtained from TrackMate (highlighted in green), for three different values of the 
confinement length increasing from 0 to 0.5. Additional lines correspond to other bacterial trajectories. 
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diffusion, like Continuous Time Random Walk or Scaled Brownian 
Motion[61,62]. we introduce the time-dependent diffusion coefficient, 
defined as D(τ) = nKτn− 1 and having the same dimensions of μm2/s for 
all samples. In order to qualitatively compare the dynamics of samples 
under different degrees of confinement we calculate then D(τ = 1s), the 
longest time at which the MSD was determined. For the less confining 
gel, with a pore diameter of approximately 22 μm, the MSD presents an 
approximately diffusive behavior with n = 1.05, while D(τ = 1s) =
1.98 μm2/s. i.e. about an order of magnitude smaller than 〈D〉 of the 
unconfined bacteria. The qualitative change from active motion to 
diffusion is visible in the single particle trajectories (Fig. 2b, central 
panel). Further increasing the confinement sub-diffusion with increas
ingly smaller exponent n and transport D(τ = 1s) is observed. We also 
note that the sub-diffusive behavior spans the whole time range and for 
the smallest pore diameter indications of localization are found at long 
times, where the MSD seems to approach a plateau value (Fig. 2a). An 
exemplary trajectory showing localization is reported in Fig. 2b, right 
panel. All values of n and D(τ = 1s) are reported in Tab. S1 of the SI. Note 
that for the smallest pore size D(τ = 1s) ≈ 0.03 μm2/s is almost three 
orders of magnitude smaller than 〈D〉 in the unconfined case, and n ≈
0.43. 

From the results on the average MSDs we can conclude that 
increasing confinement in a random porous matrix induces a progressive 
crossover from run-and-tumble active motion to average diffusive mo
tion and then average sub-diffusive motion at short times. Different from 
previous investigations on E. coli[31,34], we do not find that all MSDs 
present a comparable slope at the shortest times. Differences in the 
confined motility of E. coli and B. subtilis have been reported earlier in 
microfluidic confinement[22] and have been associated to the different 
capability to deform of the two bacteria. Consistent with other studies 
[63], pores an order of magnitude larger than the bacteria’s length 
already affect bacterial motility. We additionally determined the dis
tributions of particle displacements under all confinement conditions 
(see SI, Fig. S5). Consistent with the MSDs, their width reduces with 
increasing confinement. Additionally, non-Gaussian tails characteristic 
of localization and sub-diffusive dynamics, are observed for all 
confinement conditions. Interestingly, the tails are more pronounced for 
smaller degree of confinement. This is confirmed by the calculation of 
the non-Gaussian parameter α2[64] reported in Fig. S6 for three 
different confinement conditions. As it can be seen, deviations from 
Gaussian behavior are particularly pronounced for the smallest 
confinement, even though the corresponding MSD shows an approxi
mately diffusive behavior in the same delay-time window. This might be 
the result of the heterogeneous nature of bacterial trajectories under 
confinement, that will be analyzed in detail in the following sections. 

The characteristic motility parameters were then related to the 
morphological parameters of the porous network. Fig. 3 shows the 
dramatic reduction of D(τ = 1s) with increasing ξ, which can be 
described as an exponential decay Aexp( − Bξ) with B ≈ 24.0. The 
reduction of n as a function of ξ can be also described by an exponential 
decay with B ≈ 6.5. It is interesting to note that even for the less 
confining polymer matrix, the average dynamical behavior changes 
from super-diffusive to diffusive, as indicated by n ≈ 1. The dependence 
of D(τ = 1s) on α and Φ follows a power-law dependence with an 
exponent of approximately 6 in both cases. The same functional 
dependence was found for n with exponents equal to 1.6 and 2.1, 
respectively. The similar functional dependence of D(τ = 1s) and n as a 
function of α and Φ supports our assumption that the effects of 
confinement are essentially determined by the motion in the 2–3 plane. 
In order to better understand the origin of the average dynamical 
behavior in confinement, we performed a single-trajectory analysis. 

3.3.2. Velocity distributions and reorientation descriptors 
Instantaneous velocities were extracted from trajectory segments, 

calculating the ratio of the distance between two consecutive spots in a 
trajectory and the corresponding time difference. The mean, maximal, 

minimal, and median instantaneous velocities of a trajectory were 
calculated considering all the segments composing the trajectory. By 
repeating the calculation for all trajectories, we obtained the corre
sponding distributions. Fig. 4a reports the distributions obtained for the 
median velocity for different confinement conditions, similar results 
were obtained for the mean, max and min velocities. Changes in the 
median velocity distribution confirm the confinement effect of the 
polymer matrix on the bacterial motion. The overall distribution shifts to 
smaller velocities with increasing confinement (Fig. 4a); furthermore 
the distribution becomes narrower, suggesting an increasing control of 
the confining space on the bacterial velocity. The median value of the 
distribution (Fig. 4b) shows an approximately linear decrease with 
increasing confinement length ξ. 

Moreover, through the analysis of single-trajectories we determined 
the average reorientation rate (γ), with the reorientation rate for a tra
jectory j defined as: 

γj =

∑
iθi,i+1

NΔtj
(6)  

where θi,i+1 is the reorientation angle between two consecutive steps, i 
and i + 1, in a trajectory j, N is the total number of reorientation events 
and Δtj is the total duration of the trajectory. The mean value γ was 
calculated by averaging over all trajectories. We also considered the 
mean straight line speed (Vj

SL), defined as the speed that the bacteria 
would present when moving at constant speed along a straight line from 

Fig. 3. D(τ = 1s) and power-law exponent n of the average MSD 〈Δr2(τ)〉 as a 
function of the confinement length (a), the pore area fraction (b), and the pore 
volume fraction (c). 
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the initial to the final spot of a trajectory: 

Vj
SL =

dj0

Δtj
(7)  

where dj0 is the net distance from the origin traveled in the time Δtj for 
the trajectory j. The value 〈VSL〉 is the average over all trajectories. We 
finally calculated also the confinement ratio (CR), or persistence: 

CR =
dj0

∑
idi,i+1

(8)  

where 
∑

idi,i+1 is the total distance traveled along a trajectory. Also this 
value was averaged over all trajectories. 

The dependence of the three parameters on the confinement length ξ 
is reported in Fig. 5. Corresponding plots as a function of pore volume 
fraction (Φ) and pore area fraction (α) are reported in Fig. S7 of the SI. 
While free-diffusing bacteria show the largest mean straight line velocity 

and the smallest average reorientation rate (Fig. 5a), the first decreases 
with increasing confinement while the second increases reaching an 
almost constant γ of ≈ 40 rad/s for ξ > 0.2. This plateau value is possibly 
a physical limit of the B. subtilis. Note that, compared to 〈Vr〉, 〈VSL〉 de
creases more rapidly as a function of confinement: this can be explained 
with the suppression of straight trajectories in favor of random motion 
typical of diffusion or sub-diffusion. The confinement ratio also confirms 
that the confinement induces randomization of the bacterial motion: CR 
≈ 1 in the dispersion of unconfined bacteria, while it decreases to 
approximately 0.5 under the strongest confinement conditions (Fig. 5b). 
The observed trends thus indicate that with increasing confinement the 
bacteria can perform less and less straight trajectories typical of the run- 
and-tumble motion and need to reorient more often to escape the 
confinement imposed by the hydrogel. 

3.3.3. Classification of trajectories 
Trajectories were split into segments that were classified according 

to the following equations[65]: 
〈

r2
(m)(t)

〉
= 4KmΔt (9)  

for diffusion, 
〈

r2
(m)(t)

〉
= 4K(mΔt)α (10)  

for sub-diffusion, where α < 1 and: 
〈

r2
(m)(t)

〉
= 4KmΔt + (νmΔt)2 (11)  

for active motion, with ν the velocity parameter. In all equations, m 
represents the number of trajectory segments that can be classified ac
cording to the corresponding type of motion and 〈r2

(m)(t)〉 the corre
sponding average squared displacement. 

Note that in previous studies on E. coli [31] only a qualitative 
distinction between hopping and trapping events along single trajec
tories was discussed, without presenting a quantitative classification of 
trajectory segments that also distinguishes between active and diffusive 
motion. Fig. 6 shows the results of the classification: In the unconfined 
case the large majority of the trajectory segments can be classified as 
active motion, with a small fraction of diffusive segments, possibly 
associated with the end of the trajectories, where randomization of the 
direction appears, also explaining the n ≈ 1.7 exponent of the MSD 
(instead of 2 expected for purely active motion); for increasing 
confinement, the percentage of active trajectory segments sharply de
creases, reaching a plateau corresponding to approximately 20% of the 
total for ξ > 0.2. Note that at this value of ξ the plateau of the reor
ientation rate is also observed. At the same time the number of 
sub-diffusive trajectory segments, which were absent in the unconfined 
system, increases approximately linearly with ξ. On the other hand, the 
population of diffusive trajectory segments presents a maximum at in
termediate confinement and attains also a plateau for the larger values 
of ξ. The results of the classification show that within each trajectory 
there is a coexistence of different types of motion in all confined con
ditions, with the average dynamics represented by the MSD that are the 
result of the relative fraction of trajectory segments that undergo active, 
diffusive or sub-diffusive motions. There are thus no clearly distinct 
populations of bacteria presenting active, diffusive or sub-diffusive 
motion, it is rather the motion of individual bacteria that contains 
these three different behaviors. For the strongest confinement condi
tions, the population of sub-diffusive trajectory segments becomes 
dominant, while for 0.1 ≤ ξ ≤ 0.2 the 3 populations are comparable and 
all contribute to the overall MSD. An additional remark is that the 
growth of the reorientation rate coincides with the increase in the 
population of diffusive segments, while its plateau with the drop in the 
same population. This suggests that the most significant bacterial reor
ientation allowing to escape confinement occurs along the diffusive 

Fig. 4. (a) Distribution of the median velocity of all investigated trajectories for 
different confinement conditions (as indicated), and (b) median value of the 
distribution as a function of the confinement length ξ. 

Fig. 5. Average reorientation rate γ, mean straight line velocity 〈VSL〉(a), and 
mean confinement ratio CR (b) as a function of the confinement length. 
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segments of the trajectories. 

3.3.4. Transport models 
For flagella-propelled bacteria that display run-and-tumble motility 

characterized by ballistics runs of mean speed 〈Vr〉 and length 〈Lr〉, 
resulting from both the straight runs and tumbling events, at sufficiently 
long time randomization of the trajectories leads to diffusive motion 
with a diffusion coefficient given by the expression[14,66–69,70]: 

DRT ≈
〈Vr〉〈Lr〉

3
(12)  

For the unconfined bacteria dispersion Eq. (12) provides a value that is 
indeed in very good agreement with that obtained from the analysis of 

the MSDs (Fig. 7), even if complete randomization of the motion was not 
achieved in the analyzed time interval. In confinement, it has been often 
assumed[35,36] that the motion of the bacteria remains ballistic and is 
still performed at a mean run speed 〈Vr〉, but for shorter run lengths, 
L′r < Lr, due to the pore confinement. Often L′r has been assumed to 
correspond to the pore size. However, the time dependence of the MSDs, 
as well as the single-trajectory analysis reported in previous work on E. 
coli bacteria in soft confinement[31,34], and the single trajectory clas
sification presented here, show that there is a qualitative change in the 
motion of bacteria at the single trajectory level, with trajectories that on 
top of active run-and-tumble motion present diffusive and sub-diffusive 
segments. 

The studies in [31,34] proposed a different approach to estimate an 
effective diffusivity, in which the bacterial motion in confinement is 
described in terms of a series of hopping and trapping events along 
bacterial trajectories. The analysis presented in the previous section for 
our system is consistent with this picture, since it was shown that tra
jectory segments can be decomposed into active, diffusive, and 
sub-diffusive. The sub-diffuive segments can be seen as trapping periods, 
while diffusive and active segments as hopping events. Note that while 
in [31] hopping was associated only with active motion, the analysis of 
the reorientation rate coupled with trajectory classification suggests that 
in our case also diffusive displacements contribute to the escape from 
local trapping. To provide an expression of the effective diffusion coef
ficient, Battacharjee et al. [31] described the bacterial motion as a 
random walk, in which walk lengths are given by the hopping lengths Lh, 
since Lh ≫ Lt, with h and t referring to hopping and trapping, respec
tively, while the walk times are assumed to be equal to the trapping 
times τt, since τt ≫ τh. Under these assumptions: 

DHT ≈
〈Lh〉

2

3〈τt〉
(13) 

The detailed single-trajectory analysis allowed the differentiation of 
hopping and trapping events by following the time evolution of the 
instantaneous velocity of each bacteria along single trajectories. 
Consistent with the expectations, the temporal traces reported in Fig. 6 
(b) exhibit the characteristic intermittent switching between ballistic or 
diffusive faster runs (hops), corresponding to the spikes in the temporal 
traces, and slower trapping periods, corresponding to the flat bottom of 
the temporal traces. We note that different from studies on E. coli [31], 
the spikes of instantaneous velocity in confined conditions are signifi
cantly smaller than the bulk run velocity. This confirms that hops may be 
a combination of active runs and diffusion for the case of B. subtilis. 
Hopping and trapping times were then defined as the periods in which 
bacteria move with a velocity that is larger or smaller than a threshold 
value. Different from[31,34], in which the threshold value was assigned 
as 1∕2〈Vr〉 of the unconfined case, which is somewhat arbitrary, here we 
defined it as the median instantaneous velocity extracted from the tra
jectories (data reported in Fig. 4). This choice was additionally dictated 
by the evidence that also diffusive motion, together with active motion, 
contributes to release from local entrapment. Therefore the run velocity 
in unconfined conditions is not representing a meaningful reference 
value. To determine the average hopping length for the different 
confinement conditions we analysed again the single segments along 
each trajectory and extracted those that exceed a threshold value equal 
to 〈vmedian〉Δt, with Δt the delay time between two steps in a trajectory. 
By analysing all trajectories we determined the distributions of Lh 
(Fig. S8 of the SI) and their median value (values reported in Tab. S2 of 
the SI) for different confinement conditions. For 〈d〉 = 7 μm the distri
bution was found to be too noisy to properly determine the median 
value, therefore this value was not reported. Note that the fact that 〈Lh〉

is always smaller than the average pore size suggests the presence of 
bacteria-bacteria and/or bacteria-matrix interactions mediated by sen
sory organs, such as pili, randomly distributed on the cell membrane. As 
expected, the characteristic hopping length is strongly affected by the 

Fig. 6. (a) Normalized populations of trajectory segments classified as active, 
diffusive or sub-diffusive, as a function of the confining length (ξ). (b) Time 
evolution of the instantaneous velocities for exemplary single trajectories of 
bacteria swimming in unconfined conditions (empty markers), and through the 
different confining matrices (full markers), as indicated. For clarity, the number 
of markers was reduced, reporting one every 3 experimental points. Corre
sponding median speeds extracted from the velocity distributions of Fig. 4 are 
indicated by dashed lines. 

Fig. 7. Motility coefficient experimentally determined from the time and 
ensemble-averaged MSDs (D(τ = 1s)), and predicted from the hopping and 
trapping model DHT (as indicated). Median running velocities normalized by 
the velocity in unconfined conditions as a function of the confinement length 
(b). The dashed line corresponds to the model of Eq. (14). 
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imposed confinement, following an exponential decay with the increase 
of the confinement length and a roughly linear trend with the pore area 
and volume fraction, see Fig. S9 of the SI. The new effective diffusion 
coefficients DHT calculated through Eq. (13) are in very good agreement 
with the experimental data for D(t = 1s) (Fig. 7a). Note that the latter 
values are determined in conditions where the system does not yet 
display a diffusive motion, however they seem to provide a good 
approximation to the effective diffusion coefficient. We report in 
Table S3 of the SI the calculation of DHT using as a reference value for 
distinguishing hopping events 1∕2〈Vr〉 in unconfined conditions, 
showing that with this choice the experimental transport coefficients in 
confinement are strongly underestimated. Fig. S10 of the SI shows the 
dependence of DHT on α and ϕ. 

It is interesting to note that the median speed of the diffusing bacteria 
in confinement, 〈Vr〉conf , can be related to its corresponding unconfined 
value, 〈Vr〉unc, through ξ, as expressed in the following equation: 

〈Vr〉conf = (1 − ξ)2
〈Vr〉unc (14)  

The insight of Fig. 7b reports the experimentally determined median 
running speeds of the bacteria normalized by the speed in unconfined 
conditions (yellow marker) and the predicted values (dotted line) as a 
function of the corresponding confinement lengths; as is clearly 
observable the experimental values are in very good agreement with the 
model expressed in Eq. (14). The quantity (1− ξ)2 could be interpreted as 
the ratio between the area of an effective pore having a diameter 
〈d〉 − lbacteria,Afree = π(〈d〉 − lbacteria)

2∕4 and the corresponding average 
pore area Apore = π(〈d〉)2∕4. 

We last analyze the normalized probability densities of trapping 
times P(τt) (Fig. 8a). These extend to increasingly longer times with 
decreasing pore size, indicating the progressively stronger effect of 

confinement that leads to localization of the motion over increasingly 
longer trapping times. The probability densities can be described with a 
compressed exponential function: 

P(τt) ≈ A exp
[
− (τt∕τd)

β
]

(15)  

in which τd is the characteristic time of the decay and β is the com
pressing exponent. We did not find previous evidences of this kind of 
distribution, nor theoretical models that predict this form. Typical 
models of anomalous diffusion in passive systems, like for example the 
already mentioned CTRW[61], would predict power-law tails of the 
trapping time distribution in the limit of long times, with P(τt) ∼ τ− 1− n

t 
and n the sub-diffusive exponent of the MSD. Fits of such power-law 
dependencies of the distributions of Fig. 8a., in the regime P(τt) < 0.4 
yield values of the power-law exponent comprised between − 3.8 (larger 
pore diameter) and − 2.6 (smaller pore diameter) that are not consistent 
with the values of n obtained from MSDs. The characteristic time of the 
decay τd extracted from the fits reflects the increase of the confinement 
both in relation to the confinement length ξ and the pore area fraction α, 
Fig. 8b-c respectively. Indeed it is found to increase(decrease) with 
increasing confinement length (pore area fraction), consistent with an 
increasing average trapping duration for stronger confinement. The 
stretching exponent β increases with increasing confinement, indicating 
a progressively stronger compressed exponential behavior. Compressed 
exponential distributions have been associated in glassy systems to 
avalanche like dynamics below the glass transition temperature[71]. 
The connection between the bacterial dynamics in confinement and 
avalanche-like phenomena should be investigated in the future. 

Fig. 8. (a) Probability density distributions P(τt) (symbols) of the trapping times τt in the different confining matrices, as indicated. Dashed lines represent fits to a 
stretched exponential function, Eq. (15). (b-c) Characteristic parameters τd and β resulting from the fits in (a), as a function of the confinement length (b), and the 
pore area fraction(c). 
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4. Conclusions 

We investigated the effects of confinement on the motility of 
B. subtilis using biocompatible hydrogels with a high degree of trans
parency as model porous media mimicking typical habitats for this 
microorganism. 

Thanks to the precise synthesis and morphological characterization 
of the confining porous matrix and single-trajectory analysis of bacterial 
motion obtained by particle tracking, a quantitative description of the 
dynamic behavior of the bacteria as a function of the degree of 
confinement was obtained. The well-known run-and-tumble motility of 
B. subtilis, resulting in a super-diffusive MSD at short times and diffusive 
behavior at long times, was found to be strongly affected by confine
ment. By decreasing the hydrogel pore size, MSDs shift from diffusive to 
sub-diffusive at short times. Analyzing single trajectories, we show that 
this transition is associated with a qualitative change in the dynamics of 
individual bacteria. Single trajectories in confinement present a com
bination of active, diffusive and subdiffusive segments. Active segments 
are strongly depressed in confinement and are substituted by diffusive 
and subdiffusive segments at intermediate confinements, while sub- 
diffusive segments dominate for stronger confinements. This transition 
is reflected in a strong reduction of the median velocity and a strong 
increase in the reorientational rate. The alternation of different dy
namics can be described in terms of a hopping and trapping motion, with 
the entrapment induced by the confining porosity. While for E. coli 
release from local confinement was described in terms of active jumps 
with instantaneous velocity that exceeds half the run velocity in un
confined conditions, for B. subtilis hopping events involve both active 
and diffusive motions. We therefore redefined hopping events in our 
case in terms of displacements with an instantaneous velocity that ex
ceeds the median velocity estimated from trajectories. Using this defi
nition of hopping events, the transport coefficients estimated from the 
MSDs at long times are in good agreement with predictions of a recent 
model of hopping and trapping motion[31]. Finally, we introduced an 
empirical relation that quantitatively links the median velocity under 
confined and unconfined conditions via the characteristic length and the 
effective pore area associated to the imposed confinement. 

Our results highlight the importance of combining single trajectory 
analysis and detailed morphological characterization of the confining 
matrix to understand active diffusion in highly confining media. The 
qualitative changes of the motility in confinement and the quantitative 
link to porosity presented in our study will serve as a guide for the 
investigation of bacterial migration and proliferation processes of mi
croorganisms in natural confining habitats, such as soil or tissues. 
Additional effort will be dedicated to extend our studies to bacteria 
presenting different motility, and to include the effects of flow fields. 

CRediT authorship contribution statement 

Bassu Gavino: Conceptualization, Formal analysis, Investigation, 
Methodology, Software, Visualization, Writing – original draft. Fratini 
Emiliano: Conceptualization, Funding acquisition, Project administra
tion, Resources, Supervision, Writing – review & editing. Laurati 
Marco: Conceptualization, Funding acquisition, Resources, Supervision, 
Validation, Writing – original draft. 

Declaration of Competing Interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work has been supported by the Italian Ministero dell’Is
truzione, dell’Università e della Ricerca through the “Progetto Diparti
menti di Eccellenza 2018–2022” granted to the Department of 
Chemistry “Ugo Schiff” of the University of Florence. We also thank 
Consorzio Interuniversitario per lo Sviluppo dei Sistemi a Grande 
Interfase, CSGI (Center for Colloid and Surface Science) for partial 
financial support. We acknowledge the biological laboratory of the 
Department of Chemistry at the University of Florence, and in particular 
Dr. S. Tilli, for lab assistance with the preparation of the bacterial 
cultures. 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the 
online version at doi:10.1016/j.colsurfb.2024.113797. 

References 

[1] A.A. Salyers, D.D. Whitt, D.D. Whitt, Bacterial pathogenesis: a molecular approach, 
Vol. 1, ASM Press,, Washington, DC, 1994. 

[2] N. Woodford, D.M. Livermore, Infections caused by gram-positive bacteria: a 
review of the global challenge, J. Infect. 59 (2009) S4–S16. 

[3] M.G. Gareau, P.M. Sherman, W.A. Walker, Probiotics and the gut microbiota in 
intestinal health and disease, Nat. Rev. Gastroenterol. Hepatol. 7 (9) (2010) 
503–514. 

[4] P.P. Nagarkar, S.D. Ravetkar, M.G. Watve, Oligophilic bacteria as tools to monitor 
aseptic pharmaceutical production units, Appl. Environ. Microbiol. 67 (3) (2001) 
1371–1374. 

[5] T.A. Harper, S. Bridgewater, L. Brown, P. Pow-Brown, A. Stewart-Johnson, A. 
A. Adesiyun, Bioaerosol sampling for airborne bacteria in a small animal veterinary 
teaching hospital, Infect. Ecol. Epidemiol. 3 (1) (2013) 20376. 

[6] S. Kandel, N. Herschberger, S. Kim, S. Doty, Diazotrophic endophytes of poplar and 
willow for growth promotion of rice plants in nitrogen-limited conditions, Crop Sci. 
55 (4) (2015) 1765–1772. 

[7] Y. Asada, J. Miyake, Photobiological hydrogen production, J. Biosci. Bioeng. 88 (1) 
(1999) 1–6. 

[8] A. Esmaeili, A.A. Pourbabaee, H.A. Alikhani, F. Shabani, E. Esmaeili, 
Biodegradation of low-density polyethylene (ldpe) by mixed culture of 
lysinibacillus xylanilyticus and aspergillus niger in soil, Plos One 8 (9) (2013) 
e71720. 

[9] O. Habimana, A. Semião, E. Casey, The role of cell-surface interactions in bacterial 
initial adhesion and consequent biofilm formation on nanofiltration/reverse 
osmosis membranes, J. Membr. Sci. 454 (2014) 82–96. 

[10] K.F. Jarrell, M.J. McBride, The surprisingly diverse ways that prokaryotes move, 
Nat. Rev. Microbiol. 6 (6) (2008) 466–476. 

[11] A. Bren, M. Eisenbach, How signals are heard during bacterial chemotaxis: protein- 
protein interactions in sensory signal propagation, J. Bacteriol. 182 (24) (2000) 
6865–6873. 

[12] R.M. Harshey, Bacterial motility on a surface: many ways to a common goal, Annu. 
Rev. Microbiol. 57 (2003) 249. 

[13] E. Lauga, Bacterial hydrodynamics, Annu. Rev. Fluid Mech. 48 (2016) 105–130. 
[14] H.C. Berg, Random walks in biology, in: Random Walks in Biology, Princeton 

University Press, 2018. 
[15] N. Wadhwa, H.C. Berg, Bacterial motility: machinery and mechanisms, Nat. Rev. 

Microbiol. 20 (3) (2022) 161–173, https://doi.org/10.1038/s41579-021-00626-4. 
[16] L. Lemelle, J.-F. Palierne, E. Chatre, C. Place, Counterclockwise circular motion of 

bacteria swimming at the air-liquid interface, J. Bacteriol. 192 (23) (2010) 
6307–6308. 
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[54] D. Ershov, M.-s. Phan, J.W. Pylvänäinen, S.U. Rigaud, L.L. Blanc, J.R.W. Conway, 
R.F. Laine, N.H. Roy, D. Bonazzi, G. Duménil, G. Jacquemet, J.-y. Tinevez, Bringing 
TrackMate into the era of (2021)9-12.10.1101/2021.09.03.458852. 

[55] K. Jaqaman, D. Loerke, M. Mettlen, H stein, sl schmid and g. danuser, Nat. Methods 
5 (2008) 695–702. 

[56] H. Nishihara, S.R. Mukai, D. Yamashita, H. Tamon, Ordered Macroporous Silica by 
Ice Templating, Chem. Mater. 17 (3) (2005) 683–689, https://doi.org/10.1021/ 
cm048725f. 

[57] G. Shao, D.A.H. Hanaor, X. Shen, A. Gurlo, Freeze casting: from low-dimensional 
building blocks to aligned porous structures-a review of novel materials, methods, 
and applications, Adv. Mater. (Deerfield Beach, Fla. ) 32 (17) (2020) e1907176, 
https://doi.org/10.1002/adma.201907176. 〈http://www.ncbi.nlm.nih.gov/ 
pubmed/32163660〉. 

[58] D.B. Kearns, R. Losick, Swarming motility in undomesticated bacillus subtilis, Mol. 
Microbiol. 49 (3) (2003) 581–590. 

[59] A. Creppy, E. Clément, C. Douarche, M.V. D’Angelo, H. Auradou, Effect of motility 
on the transport of bacteria populations through a porous medium, arXiv: 
1802.01879, Phys. Rev. Fluids 4 (1) (2019) 1–16, https://doi.org/10.1103/ 
PhysRevFluids.4.013102. 

[60] G. Ariel, A. Rabani, S. Benisty, J.D. Partridge, R.M. Harshey, A. Be’Er, Swarming 
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