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Self-assembly in colloidal suspensions emerges from the interplay of local ordering and constraints
imposed by the surrounding medium. While motile bacteria are known to alter colloidal dynamics, the
influence of non-motile species remains largely unexplored. Here, we study suspensions of colloids and
non-motile Comamonas denitrificans sedimenting near the wall and forming percolating networks.
Using multiscale structural descriptors, we show that bacteria enhance colloidal aggregation into
branch-like clusters. In turn, colloids reinforce bacterial networks by extending their elastic backbone.
The analysis of mid-range ordering reveals that, unlike purely colloidal suspensions where ordering

Received 21st October 2025, propagates across 3—4 neighbour shells, bacterial scaffolds suppress this propagation beyond the first

Accepted 20th April 2026 shell. These findings highlight how non-motile bacteria reshape colloidal self-assembly across scales,
DOI: 10.1039/d5sm01062d while providing a quantitative framework for studying complex particle—network interactions. This

approach opens pathways to understanding analogous processes in natural systems, including those
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Bacterial sedimentation is central to geochemical cycling, contri-
buting to pollutant sequestration and carbon storage in
sediments." Across terrestrial and marine environments, bacteria
coexist with particulate matter, such as mineral grains, organic-
rich soil aggregates, and particulate organic carbon.”™ However,
the dynamics of bacteria—particle interactions remain poorly
understood. Most existing work has focused on motile species.
Motile bacteria can hinder particle settling, drive the propagation
of topological defects in dense colloidal mixtures, and are them-
selves accelerated when swimming in proximity to colloids.”™®
These phenomena are exploited in applications such as bacteria-
driven mixing and interface stabilisation.'®"* In non-motile sys-
tems, studies have largely focused on monospecies suspensions
where passive interactions such as depletion attraction and poly-
mer bridging establish aggregation, and phenotypic traits such as
filamentation control the topology and mechanics of the resulting
networks.™ Less understood is the effect of non-motile bacteria on
the formation of colloidal aggregates and networks, as well as the
influence of colloidal-bacterial interactions on the development
and settling of bacterial flocs.

Here, we study mixed suspensions of colloids and non-motile
Comamonas denitrificans bacteria with similar sedimentation
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involving microplastic contaminants.

velocities. We focus on how the percolating bacterial network
affects the near-wall layer colloidal structuring at different length
scales; local (nearest neighbours), mid-range, and global (system-
spanning) and how colloids in turn influence the bacterial network.
Our analysis is based on two-dimensional projections of the
sedimented near-wall layer and focuses on relative structural
differences between bacteria—colloid mixtures and colloid-only
suspensions. Using a combination of structural analysis and multi-
scale metrics, we characterise the self-assembly mechanisms that
emerge in such mixed suspensions. Though multiscale analysis
has been previously proposed to study hierarchical clustering and
network formation gelation in soft particulate systems,"*" to the
best of our knowledge, this approach has not yet been used to
investigate bacterial suspensions. We interpret our results within
the framework of self-assembly, which arises from the minimisa-
tion of free energy — either through internal energy reduction,
associated with short-range ordering via ‘locally favoured struc-
tures’ (LFS),'*"” or through entropy maximisation, which is
conversely related to ordering at a larger scale.'®' Geometric
confinement strongly modulates colloidal clustering,>*>* and in
our system, the near-wall bacterial network imposes such con-
straints. Short-range ordering remains unaffected, but pronounced
changes occur at the mid-range and global scales. We explore this
decoupling between length scales using tools from information
theory, specifically mutual information,* and from graph theory,
through clique identification methods.”® While previous studies
have hinted at a connection between local entropy, which is related
to mid-range ordering, and locally favoured structures,”® our
analysis offers a broader, multiscale perspective.
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1 Materials and methods
1.1 Experimental system

Experiments were conducted by preparing liquid mixtures of
colloidal particles and Comamonas denitrificans (referred to as
‘mixed suspensions’) and imaging their behaviour via optical
microscopy. These were compared against two control condi-
tions: suspensions containing only colloids (‘colloids-only’) and
suspensions containing only bacteria (‘bacteria-only’). All
suspensions were loaded into rectangular glass capillaries
(0.25 x 10 x 40 mm?®; Vitrocom, USA), with approximately
~ 300 pL of sample per experiment. The ends of the capillaries
were sealed with Vaseline to prevent evaporation, and the
vessels were immediately transferred to the microscope stage.
Structures formed at the bottom of the chamber were analysed
after 140 minutes, once sedimentation was complete.

1.2 Bacterial culture

We perform the experiments using Comamonas denitrificans 123
(ATCC 700936), a rod-shaped, Gram-negative bacterium, cultured
under conditions optimised to produce a narrow cell length
distribution, with an average length of 4.16 um and a standard
deviation of 1.25 pum (see Fig. 2b). Glycerol cryostocks were
routinely revived by inoculating 5 mL of Tryptic Soy Broth (TSB;
Sigma-Aldrich) and incubating overnight at 30 °C with shaking at
180 rpm in 50 mL Falcon centrifuge tubes. The following
day, subcultures were prepared by diluting the overnight culture
1:100 (v/v) into fresh 5 mL TSB and incubating for 6 h at 30 °C
under the same shaking conditions, until cultures reached an
optical density (ODgg) of 1.0. Bacterial cell suspensions were
aliquoted into 1.5 mL centrifuge tubes and washed three times
with fresh TSB by centrifugation at 2700 rcf for 90 seconds. After
the final wash, the cell pellets were resuspended in TSB containing
the colloidal suspension for downstream assays.

1.3 Colloidal particle selection and preparation

For the mixed and the colloids-only suspensions, we use FluoRed
polystyrene colloids (2.5% w/v) with a diameter of 3.0 um (micro-
Particles GmbH, Germany), suspended in conditioned bacterial
culture medium. The conditioned medium was obtained by filter-
ing a bacterial culture with ODgo = 1 through a 0.2 pm filter
(Filtropur S 0.2, Sarstedt, Germany). The colloids were washed three
times by centrifugation at 2700 rcf for 90 seconds, each time
replacing the supernatant with conditioned culture medium. After
the final wash, the colloids were sonicated for 10 minutes to
disrupt any aggregates. TSB is a high-ionic strength medium
(~130 mM salt equivalent, pH 7.0-7.2) in which electrostatic
interactions are strongly screened (Debye length <1 nm); the
physicochemical environment was identical in suspensions with
and without bacteria, ensuring that effective interactions are short-
ranged and dominated by steric exclusion. Note that the selected
colloid size was chosen to match the sedimentation velocity of C.
denitrificans, ensuring comparable gravitational Péclet numbers
between bacteria and colloids (see Fig. 2b). Toward this aim, the
gravitational Péclet number was estimated as Pe, = Vo(pp — p)ga/
(kgT), where p;, and p are the density of the particles and the liquid
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respectively, V}, is the volume of a particle, T is the temperature, g is
the gravitational acceleration constant and kg is the Boltzmann
constant.”” Colloids of the selected diameter have Pe, ~ 2.53, which
falls within the range estimated for C. denitrificans bacterial cells
(Pey = 1.7-4.4), assuming a cell radius of approximately ~0.5 pm, a

length within the 3-5 um range, and a density p,, = 1.0825 g cm™°.

1.4 Bacteria/colloid suspensions

We prepared three types of mixed bacterial-colloidal suspensions,
each with a different concentration of colloidal particles (hereafter
referred to as ‘colloidal densities’). To this end, a bacterial suspen-
sion was divided into three 1 mL aliquots and centrifuged at
2700 rcf for 5 minutes to sediment the cells. Subsequently, 100 L,
50 pL or 25 pL of supernatant was replaced with an equal volume
of colloidal suspension, yielding final volumetric colloid-to-
bacteria ratios of 1:10, 1:20, and 1:40, respectively. These
mixtures correspond to final colloidal densities of 1.68 x
10® particles per mL (‘1:10’, high density), 8.4 x 10’ particles
per mL (‘1:20’, medium density), and 4.2 x 10’ particles per mL
(‘1:40’, low density). Each suspension was vortexed for 90 seconds
to ensure appropriate resuspension of the solid phase.

1.5 Bacteria-only and colloid-only suspensions

To assess the reciprocal influence between colloids and the
bacterial network, we performed two sets of control experi-
ments: one with bacteria-only and one with colloids-only sus-
pensions. In the colloids-only controls, we used the same
particle concentrations as in the corresponding mixed suspen-
sions. Each sample was prepared by following the same liquid
exchange procedure, starting from 1 mL of conditioned culture
medium per mixture (see Fig. 3a, ¢ and e). For the bacteria-only
control experiments, we used the same bacterial cultures used
as in the mixed suspensions, thereby maintaining identical
bacterial concentrations across conditions.

1.6 Microscopy and imaging conditions

Imaging was performed in both fluorescence and brightfield
modes using an inverted microscope (Nikon Ti, Nikon, Japan).
Images were acquired at 20x magnification (NA 0.5) with a
1.5x zoom (equivalent to a final 30x magnification), using an
sCMOS camera (Photometrics Prime BSI, Teledyne, USA; pixel
size 6.5 pm). Bacteria were imaged in brightfield mode with the
condenser aperture set to 50% closure. Fluorescent imaging
was used to visualise the colloidal particles, with excitation at
555 nm and emission at 570 nm (Lumencor Spectra, Lumencor,
USA). The depth of focus of the optical configuration at 550 nm
was approximately 2.85 pm, as estimated from the theoretical
axial resolution of the imaging system using the standard wave-
optical formulation for depth of field (DOF ~ in/NA”, where /.
is the wavelength, n is the refractive index of the immersion
medium, and NA is the numerical aperture). This value should
be interpreted as an estimate of the axial extent contributing to
the image, i.e. an upper bound for the optical section thickness.
We acquired images immediately above the capillary floor,
1.5 pm into the sample. For each field of view, the optimal
focus was re-established using the glass surface as a reference,

This journal is © The Royal Society of Chemistry 2026
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ensuring that the near-wall bacterial layer was consistently
imaged within the central, highest-resolution portion of the optical
section despite minor local variations across the sample. Since the
colloids have a diameter of 3.0 um and the average bacterial width
is approximately 1 um, one optical section contains at most a
single colloid layer and the portions of the bacterial branches that
intersect the plane. All samples were imaged 140 minutes after
capillary placement on the microscope stage, to ensure complete
sedimentation. For each condition, three biological replicates from
independent bacterial cultures were prepared to ensure reprodu-
cibility. At least four fields of view were acquired per sample to
provide statistical robustness.

1.7 Structural characterisation of the bacterial network

1.7.1 Characteristic lengths. The presence of emerging
length scales in the bacterial network was evaluated by perform-
ing Fourier analysis of the images of the bacteria-only suspensions
acquired using phase-contrast microscopy.”® To minimise arte-
facts caused by sharp image boundaries, we additionally first
applied a windowing procedure to the raw 2048 x 2048 pixels
square images. Specifically, the greyscale intensity at each point
(x, y) was multiplied by a two-dimensional circular Tukey window
H(x, y).*°

H(x,y)=1, r<oaL/2
H(x,y):% 1+cos%, aL/2<r<L/2 (1)

H(x,y)=0, r>1~L/2

with L the size of the image, r = \/(x — L/2)> + (y — L/2)? the
radial position of the point (x, y) with respect to the centre of the
image and « = 0.5 a scaling factor. We then computed the
frequency-domain representation of the windowed image by
applying a fast Fourier transform (FFT). The resulting 2D power
spectrum was integrated over the angular coordinate from 0 to
to obtain a radially averaged profile. Finally, the resulting curves
were transformed back from Fourier space to real space to extract
the radial profile of the integrated power spectrum, denoted as
(I(r)). The analysis was performed with an in-house code written
in ImageJ-macro language, based on the native Image] FFT
plugin, the Windowing plugin®® and Radial Profile Extended
plugin,®* combined with an in-house Matlab code. Note that we
chose to extract the characteristic mesoscopic length scale using
the FFT approach rather than the ‘chord-length’ method proposed
by other authors,®* as the latter requires binarising the micro-
scopy images and therefore makes the results sensitive to the
choice of threshold. Conversely, the FFT can be applied directly to
grayscale images and is a well-established methodology in the
analysis of isotropic, disordered, network-like structures with a
characteristic domain size.

1.7.2 Directionality. To assess the presence of preferential
directions in the pattern, we computed the local orientation
of the image intensity gradient at each point using a Sobel filter
(5 x 5 pixels).>® The analysis was implemented by means of the
Image] ‘Directionality’ plugin.®*

This journal is © The Royal Society of Chemistry 2026
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1.8 Structural characterisation of colloidal patterns

1.8.1 Nearest-neighbour level. We characterised the spatial
patterns formed by the colloids in the mixed suspensions and
compared them to those in the colloids-only suspensions. To
this end, we first extracted the position of the colloidal
centroids from the fluorescence images using the TrackMate
Fiji plugin.’® Based on these positions, we computed various
local structural parameters and their corresponding probability
distribution functions (PDFs), which are detailed in the follow-
ing sections.

1.8.1.1 Coordination number. The coordination number 7. of
a particle is defined as the number of its nearest neighbours. To
calculate it, we counted, for each colloid, the number of particles
located within a distance r,, = 2ar, from its centre, where r, is the
average colloid radius and a is a dimensionless constant. In our
analysis, we set a = 1.25, and verified that the results remain
qualitatively unchanged when a is varied by up to 10%. This
choice of r,, and its variation range corresponds to the position of
the first minimum in the radial distribution function g(r), which
identifies the first nearest-neighbours shell.

1.8.1.2 Centrosymmetry parameter. We further evaluated
short-range ordering by calculating the centrosymmetry para-
meter of the colloids, based on their N = 6 nearest neighbours,
following the method introduced in ref. 36:

N/2

CSP = Z |ri + r,-+/v/2’2
=1

(2)

where r; and ./, are vectors from the central particle to two
neighbours on opposite sites.

1.8.2 Mid-range level

1.8.2.1 Mid-range order parameter. To characterize mid-
range ordering, for each particle we calculated the mid-range
order parameter s, defined in ref. 26, 37, 38, and 39 as the “local
entropy’ and approximated it as the two-body excess entropy.***”
This kind of parameter is always negative, with more ordered
structures corresponding to lower (i.e. more negative) values. For
each particle 7, the mid-range order parameter calculated over a
neighbourhood of radius r, is

sh= —TEpkBJ;m [, () Ingh (r) — gh,(r) + 1] rdr (3)

where p is the particle density, kg is the Boltzmann constant, r is
Ly 1 n)/C)

2npr 7 \/2ng?
is a modified version of the radial distribution function centered
around the ith particle, with r; the distance between particles i
and j, and ¢ a broadening parameter (here ¢ = 0.05). To mitigate
the effects of fluctuations, we calculated the average local entropy
mid-range order parameter

Zséf(ri,-) + 5
J
j

the radial coordinate and g’ (r)

4

oo
8 =
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1= (ry/ra)"
1= (rg/ra)"
Ta = I'm, N =6 and M = 12. The averaged local entropy mid-range
order parameter provides a stronger footprint of local ordering
than the non-averaged one.>**”~*° Note that the absolute value of
S, depends on the details of the estimation of the radial distribu-
tion function in Eqn (3), but its comparative value across
different systems is still significant, as long as such details are
kept constant.* Since the particle positions are extracted from a
single near-wall optical section, g&,(r) should be understood here
as an effective in-plane local pair-correlation function of the
imaged layer, rather than as the bulk 3D radial distribution
function of the full suspension. We use s5 for our analysis instead
of g&(r) because the latter, though also localized at the particle i, is
still a function of distance, whereas s, provides a single scalar
summary of the local correlation profile over the range 0 < r < .
Accordingly, Eqn (3) is not a thermodynamic entropy, but is a
scalar structural functional of the measured local pair correlation,
useful for comparative analysis across samples.

where f(rj) = is a switching function with a cutoff

1.8.2.2 Relative mutual information. To quantify the relation-
ship between any two properties associated with each colloidal
particle, we computed the relative mutual information between
them, in line with the approach proposed in ref. 41 for soft
matter systems.’”> In particular, we evaluated the relative
mutual information M(Nc, S)/I(N.), between the coordination
number and the average mid-range order parameter 5. calcu-
lated at a given length scale r,,. For a given cutoff r,,, the
mutual information M(Ng, S) is calculated as>*

=Y plnc,s)log- <2 O

ne.s

p(nc, 1)

c)p(s2)

M(Nc,S (5)

where S and N, are the set of the mid-range order parameters
and coordination numbers of the N particles of the system {S: 55
(rm) € S,i=1,...N} and {Ng: nheNgi=1,..., N} respectively;
p(nc) and p(5,) are the probabilities that, for a particle 7, the
coordination number is n- = nc and the average mid-range
order parameter is 55 = 3,, while p(nc, 5,) indicates a joint
probability. The self-information of N¢ is calculated as

—>_plnc)logp(nc). (6)

nc

I(N¢) =

1.8.2.3 Cluster analysis. We identified the clusters as ensem-
bles of particles within a distance r. = 2ar, from each other. For

S
each cluster, the gyration radius was calculated as Ry = , | Z 2/s,

where r; is the distance between the ith particle of the cluster and
the cluster’s centre of mass and s is the cluster’s size, namely the
number of colloids belonging to the cluster. Furthermore, we
assessed the structure of the clusters, as emerging from the
juxtaposition of uniform building units - i.e. similar local environ-
ments - by determining their tiling structure by triangular ‘cliques’
(i.e. triplets of adjacent colloids) and their network topology. To
this aim, we first filtered out singlets and doublets, namely
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particles with less than two neighbours, by applying a rolling
ball search algorithm®® with a radius r. around each particle. We
then created an undirected graph with the (x, y) coordinates of
the remaining colloids as nodes. The edges were delimited by
pairs of neighbouring colloids, i.e. colloids within a distance ..
The connected components of the graph, detected through the
algorithm described in ref. 25 and 44, corresponded to the
colloidal clusters. Hence, their tessellation in triangular tiles
was retrieved by detecting the completely connected 3-node
subgraphs, i.e. the 3-cycles. Nodes that belonged to such trian-
gular tiles were called ’clique-like’ nodes. Nodes that did not
belong to such triangular tiles and hence featured two neigh-
bours unconnected to each other, were called ‘branch-like
nodes’. Then, we evaluated the structural compactness of each
cluster through the parameter aj, = s,/s, where s}, is the number
of branch-like nodes in the cluster itself. Low values of ay,
indicate a more compact cluster structure, hence we refer to
ap as the ‘airiness parameter’. Similarly, for the whole system,
we evaluated the ’global airiness parameter’ Ay, = Np/Ny, Where
Ny, and N denote the total number of branch-like colloids and
the total number of colloids (with the exclusion of singlets and
doublets) respectively. 4;, indicates the probability that neigh-
bouring nodes are also connected, and it is therefore a measure
of graph connectivity. The analysis was performed with an
in-house Python code leveraging the NetworkX*® package.

1.8.3 Global level

1.8.3.1 Lacunarity. The lacunarity 4 of the colloidal pattern
was calculated based on the detected positions of the colloidal
centroids as

(N(d)?) = (N(d))?
(N(d))?

where N(r) is the number of particles inside a square box of size
d and (-) denotes the average over all particle-containing boxes.

)u:

(7)

1.8.3.2 Elastic backbone. The elastic backbone of the percolat-
ing structure was defined as the union of all the shortest paths
connecting two representative points, P; and P,.*® The length of
each one of such paths was denoted as L. In order to extract the
elastic backbone, we processed the images collected by phase-
contrast microscopy as described below. First, we performed a
contrast-limited adaptive histogram equalisation (CLAHE)."” We
then binarised the resulting images via thresholding, and we
despeckled them with a median filter based on a 3 x 3 pixel
square. In the resulting black and white images, both bacteria
and particles were depicted in white, while the background was
black. Such images were skeletonised by applying the thinning
algorithm described in ref. 48. The extracted skeleton underwent
an additional dilatation to match the thickness of the bacteria.
Hence, we were able to extract the binarised connected bacterial
structure. For the mixed suspensions, additional steps were
required to guarantee that the colloids incorporated inside the
network were correctly represented. To this aim, we separately
reconstructed the binarised representation of the colloids, and
we subsequently added it to the bacterial network. The binarised
representation of the colloids was reconstructed by using the

This journal is © The Royal Society of Chemistry 2026
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positions of their centroids as detected by TrackMate*® from the
fluorescence images. Using such positions, we constructed a
binary mask of single pixels, and we then applied a morpholo-
gical dilatation filter based on a disk structure matching the
colloidal diameter. Hence, we summed this image to the pre-
viously extracted binary bacterial network to reconstruct a
binarised version of the complete percolating structure. These
operations were performed by using an in-house code written in

Table 1 List of main symbols

Symbol Description

ap Airiness parameter of a cluster

Ayp Global airiness parameter

CSP Centrosymmetry parameter

ks Boltzmann constant )

fry) Switching function used to calculate 5,

4G Radial distribution function (2d)

Zm() Modified version of g(r) centered around particle i
I(N.) Self-information of coordination number

) Power spectrum of FFT

Ly, Length of the elastic backbone between points P;,and P,
M(Ng, S) Mutual information 7. and s,

Ne Coordination number

N(d) Number of particles inside a square box of size d
Ny Total number of branch-like particles

N§ Total number of branch-like clusters

N} Total number of clique-like clusters

Neot Total number of particles

N, Total number of clusters

PP, Distance between points Py, P,

r Radial coordinate

To Average particle radius

Te Inter-particle distance in clusters

Ry Cluster gyration radius

Ty Inter-particle search distance used to calculate 7,
Ta Cutoff of the switching function f(r;)

T Distance between particle 7 and cluster’s centre of mass
Ty Distance between ith and jth particles )
T'm Radius of area around particle i used to calculate s,
s Cluster size (particle number)

Sp Number of branch-like nodes in a cluster

S5 Mid-range order parameter of particle i

55 Average mid-range order parameter

A Lacunarity )

o Broadening parameter used to calculate gi,(r)

global

image

centroids
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Image] macro language based on the FiJi native plugins ‘CLAHE’,
‘Threshold’, ‘Remove outliers’ and ‘Skeletonize’, as well as the
‘Morphological filters’ from the MorphoLib] toolbox.*® Finally,
we used the binarised image representing the percolating struc-
ture to extract the elastic backbone by means of the burning
algorithm.*® To this end, in each image we identified the largest
connected area and selected its two most distant points, P; and
P,, corresponding as closely as possible to the extremes of one of
the image diagonals. The burning algorithm was then applied
using P; as the starting point and P, as the endpoint, employing
an 8-connected neighbourhood scheme to identify connected
pixels.

A list of the main symbols used throughout the manuscript
is provided in Table 1. A sketch of the workflow adopted to
characterize the patterns formed by the colloids is displayed in
Fig. 1.

2 Results and discussion
2.1 Bacterial network

After sedimentation, Comamonas denitrificans formed a perco-
lating network that spanned the entire field of view, composed
of branched, interconnected structures distributed across the
capillary floor, consistent with previous observations for C.
denitrificans®® (Fig. 2a). Cells were visualised in a focal plane
located 1.5 um above the capillary floor, within a single optical
section of thickness 2.85 pm; therefore, the observations
reported here specifically probe the near-wall bacterial layer.
The experiments were performed using stationary-phase cells,
for which growth during the experimental time frame was
negligible; therefore, the interactions within this network are
governed by geometric confinement and the bacterial cell sur-
face properties.

We performed Fourier analysis on bacteria-only suspensions
to access the characteristic length scales. Peaks in the power
spectrum (I(r)) revealed a dominant spatial frequency corres-
ponding to a characteristic length of approximately 7.5 + 1 um
in the bacterial network (Fig. 2c). Visual inspection confirmed

coordination number
centrosymmetry parameter

mid-range order parameter
relative mutual information
cluster analysis

lacunarity

structural metrics

Fig. 1 Sketch of the workflow adopted to characterize the colloidal patterns.
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Soft Matter


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sm01062d

Open Access Article. Published on 22 April 2026. Downloaded on 5/13/2026 9:03:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

15
L &
L od 10
| 5
DO
Lo
o oh‘ =
5

10 12

cell length [pm]

View Article Online

Soft Matter

-n/2 -nl4 0o ez w2

10°
X [um] 0

Fig. 2 Characterisation of the isotropic percolating network formed by Comamonas denitrificans. (a) Contrast-enhanced phase-contrast microscopy
image as observed at the bottom of the cell after 140 min in the bacteria-only suspensions. The red and green lines identify distances of ~7.5 um,
corresponding to the FFT peaks. They reflect the thicknesses of both branches (red) and empty spaces (green) in the bacterial network. (b) Cell length
distribution of the bacterial culture used throughout our experiments and the respective Péclet numbers. (c) Radial profile of the integrated power
spectrum (I(r)) from the FFT analysis; the three lines represent three biological replicas. (d) PDF of the directionality of the image. The shaded area

indicates the range spanned over three biological replicas.

this length matched the width of bacterial branches and the gaps
between them (Fig. 2a). Additionally, we investigated the presence
of preferential directions by determining the orientation of the
local gradient of the image intensity at each point, as detected by
Sobel filtering.*® The resulting probability distribution (PDF) of
orientations 0 indicated no dominant direction (Fig. 2d). We thus
conclude that the bacterial network is isotropic.

2.2 Mixed bacterial/colloidal suspensions

In the mixed suspensions, colloids were embedded within the
bacterial network. Bacteria altered colloidal clustering, increasing
heterogeneity in the resulting clusters (Fig. 3b-h) compared to the
colloids-only suspensions (Fig. 3a-g). To quantify this effect, we
performed a structural analysis of the colloidal aggregates in the
mixed and colloids-only suspensions. Our analysis spanned multi-
ple spatial scales: local (nearest neighbours), mid-range, and global
(system-spanning). We used probability distribution functions
(PDF) of different structural parameters.

2.2.1 Short-range ordering. We assessed the short-range
ordering around each particle by calculating its coordination
number, 7., which reflects the number of nearest neighbours,
and the centrosymmetry parameter, CSP, reflecting the symme-
try of the six nearest neighbours (see the Materials and methods
Section 1.8.1).>® Low values of the CSP indicate a higher degree
of symmetry at the nearest-neighbours level, which is typical of
crystalline and solid-like arrangements. Across each particle
concentration, the presence of bacteria did not significantly
alter the PDFs of n. compared to the colloids-only suspensions
(Fig. 4a). The values we obtain in our system - where the near-
wall 2D section of a 3D sample is analysed (see the Methods
section) - are compatible with those reported for fully 3D
systems imaged by confocal microscopy, in which many parti-
cles display 7-8 neighbours.>! Based on geometrical arguments,
this difference is expected, as the number of detected neigh-
bours in 2D and 3D scales approximately with n,4> and n,4°,
respectively, where 7,4 denotes the one-dimensional number of
neighbours. Similar approaches based on 2D sections of 3D
colloidal systems have previously been used to extract structural
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and dynamical information, provided that all comparisons are
performed within a consistent imaging geometry.>>

In mixed suspensions, the peaks of the CSP PDFs were
shifted towards lower values compared to their colloids-only
counterparts, indicating increased local symmetry, consistent
with enhanced clustering (Fig. 4b). The shift, however,
remained lower than 10%. Thus, bacteria did not significantly
affect nearest-neighbour ordering.

2.2.2 Mid-range ordering. We characterised mid-range order-
ing using the average mid-range order parameter 5,, computed for
each particle based on the positions of its neighbours within a
circular region of radius ry, (see the Materials and Methods Section
1.8.2). Though this kind of parameter was originally defined in the
context of equilibrium systems, it has subsequently been exten-
sively employed with the name of ‘two-body excess entropy’ also
for non-equilibrium systems,****** including 2D and quasi-2D
particle systems.’®*” We note, however, that for such systems, 55
should not be considered as thermodynamic entropy in the
equilibrium sense. Instead, it is a structural metric reflecting
ordering on the length-scale ry, that has been proven particu-
larly suitable to identify clustering and nucleated states.*® We
calculated the probability distribution function of 5, using ry,
equal to 4ar, and 8ary, corresponding to approximately two and
four coordination shells, respectively (Fig. 5a and b).

In each case, the 35, distributions were broader for mixed
suspensions than for colloids-only suspensions (insets Fig. 5a
and b), indicating increased structural heterogeneity in the
presence of bacteria. For mid-range order parameters calcu-
lated with a cutoff ry, = 4ar,, the peak of the distribution shifted
to the left in mixed suspensions with middle (red curve) and
low particle concentrations (yellow curve). This indicates that
ordering on the length scale of the second neighbouring shell is
more pronounced when bacteria are present. Conversely, for
high colloidal concentrations (blue curve), the presence of
bacteria did not affect the position of the peak. Interestingly,
when the mid-range order parameter was calculated with a
cutoff r,, = 8ar,, the situation was reversed: for middle and low
particle concentrations, the position of the peak was not

This journal is © The Royal Society of Chemistry 2026
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Fig. 3 Patterns at the bottom of the cell after 140 min in the colloids-only suspensions (a), (d) and (g) and in the mixed suspensions (b), (c), (e), (f), (h) and
(i) for three colloidal concentrations: (a)—(c) low, (d)—-(f) medium and (g)—(i) high. The first two columns, imaged in fluorescence, depict the colloids; the
last column, imaged in phase-contrast, depicts both colloids and bacteria. The images are post-processed with contrast enhancement.

influenced by the presence of bacteria, while for high particle
concentrations the peak of the mixed suspensions had a shift
towards the right with respect to their colloids-only counter-
part. This suggests that at high colloidal concentrations, order-
ing at the scale of the fourth neighbour shell is more
pronounced in the absence of bacteria.

2.3 Ordering propagation

To gain further insights into the different behaviours of the
examined systems on different length scales, we investigated
how local nearest-neighbours ordering influenced mid-range
ordering. We evaluated the relative mutual information M(Ng,

This journal is © The Royal Society of Chemistry 2026

S)/I(N.), between the coordination number and the average
mid-range order parameter calculated for a given cutoff dis-
tance ry,, where M(N¢, S) denotes the mutual information and
I(N.) the self-information of the coordination number (Fig. 6).
The relative mutual information M(N¢, S)/I(N.) can be inter-
preted as a correlation, namely a number between 0 and 1,
quantifying how much information one has on the mid-range
order parameter of a particle i, if its coordination number n is
known. The higher the relative mutual information, the stron-
ger the correlation. Since 5, quantifies ordering around a
particle i over a distance ry,, by varying r,,, we could establish
the spatial influence of the coordination number (reflecting the
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Fig. 4 Characterisation of short-range ordering of colloidal patterns. Probability distribution function of (a) coordination number and (b) centrosymmetry
parameter of the colloidal particles in mixed suspensions (solid lines) and in colloids-only suspensions (dashed lines), with high (blue), medium (red), and low
(yellow) particle concentrations. The shaded areas represent the biological uncertainty ranges (minimum-maximum across three biological replicates). The
insert depicts the location of the peaks without (circles) and with bacteria (crosses), with the error bars reflecting variation within biological replicas.
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Fig. 5 Analysis of the mid-range order parameter of colloidal patterns. Probability distribution function of the average mid-range order parameter of
colloidal particles calculated with (a) r,, = 4arg (corresponding to 2 neighbouring shells) and (b) r,,, = 8arq (corresponding to 4 neighbouring shells) for
mixed (solid lines) and colloids-only suspensions (dashed lines) for high (blue), medium (red), and low (yellow) particle concentrations. The shaded areas
represent the biological uncertainty ranges (minimum-maximum across three biological replicates).

nearest-neighbour arrangement) on the ordering degree over a
length scale ry,.

The relative mutual information trends were similar for
mixed (solid lines) and colloids-only suspensions (dashed lines)
for low and middle particle concentrations, but at high particle
concentrations, the colloids-only suspension displayed a peak
near 7 um (corresponding to 3-4 neighbouring shells), absent in
mixed suspensions. The presence of a peak at a given distance
1y, indicates a stronger interdependence between coordination
number and mid-range order parameter at this distance. We
interpret r}, as a “propagation distance” of mid-range ordering.
Conversely, no peak indicates a more heterogeneous, disordered
structure. This was confirmed by the observation that, for high
particle concentrations, on the length scale of two neighbouring
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shells (r, = 4ar,) the PDFs of mid-range order parameters had a
peak at the same location regardless of the presence of bacteria
(Fig. 5a), while on a length scale of four neighbouring shells
(rm = 8ar,) colloids-only suspensions had a lower 3,, i.e. a higher
ordering degree (Fig. 5b).

We conclude that in colloidal-only suspensions, the local order-
ing of the nearest neighbours propagates up to 3—4 shells around a
particle, whereas for mixed suspensions it stops after the first. We
attribute this to the isotropic orientation of the bacterial network.
Hence, it acts as a filter by mechanically obstructing the pro-
pagation of configurational ordering. Interestingly, the bacterial
characteristic length of the bacterial network alone (~7.5 £ 1 pm)
was consistent with the suppression of mid-range order propaga-
tion beyond 3-4 shells in mixed suspensions.

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 Relative mutual information between coordination number and
average mid-range order parameter at different length scales r,, for
suspensions of mixed (solid lines) and colloids-only suspensions (dashed
lines) for high (blue), medium (red), and low (yellow) particle concentra-
tions. The shaded areas represent the biological uncertainty ranges (mini-
mum-—maximum across three biological replicates).

2.4 Cluster analysis

To investigate how systems that are indistinguishable at
the nearest-neighbours level can differ at the mid-range, we
analysed the distributions and structure of the colloidal clus-
ters, i.e. agglomerates of colloids with an inter-particle distance
within ry,, = 2ar,. Mixed suspensions at low and medium colloidal
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densities (red and yellow solid lines) contained more large
clusters than their colloids-only counterparts, consistent with
the observation that the presence of bacteria promotes colloidal
clustering (Fig. 7a and c). However, at high colloidal densities, the
differences between the distributions of the colloids-only and
mixed suspensions were not significant. Similarly, for all colloidal
densities, the maximum cluster size $;,,.x and the maximum
gyration radius Ry™ were not substantially affected by the
presence of bacteria (see the insets in Fig. 7b and d).

We further analysed the cluster structure by identifying
repeating building blocks using a graph theory approach, where
colloids are treated as nodes. Nodes with less than two neigh-
bours were excluded. In particular, we investigated the topology
of triangular ‘cliques’ i.e. triplets of adjacent colloids. The nodes
were classified as ‘clique-like’ (belonging to triangular cliques,
compact), or ‘branch-like’ (non-clique, open). The global airiness
parameter A, = Np/N, where N;, and N are the number of branch-
like nodes and the total number of connected nodes, respectively
was 40-50% higher in the mixed suspensions, indicating a more
open structure (Fig. 7e), consistent with the global lacunarity
analysis (see Section 2.3). To examine the distribution of branch-
like nodes, we distinguished three types of clusters: mixed
(clique cores with branches), purely clique-like, and purely
branch-like. Their structure was quantified using an airiness
parameter ay, = sp/s, where s, is the number of branch-like nodes
in the cluster (Fig. 7f). The distribution of the airiness parameter
showed little difference between systems at low and medium
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Fig. 7 Cluster distribution and tiling analysis. Probability distribution functions of cluster distributions (a) and (b) sizes and (c) and (d) gyration radii of
clusters formed by colloids within a distance r, = 2arg from each other for suspensions of mixed (solid lines) and colloids-only suspensions (dashed lines)
for high (blue) and medium (red) particle concentrations. (e) Analysis of tiling structures and compactness of the colloidal patterns. Global airiness
parameter for colloids only (circles) and mixed (crosses) suspensions. (f) Probability distribution function of the airiness parameter ay, of the clusters
featuring both branch-like and clique-like nodes for mixed (solid lines) and colloids-only suspensions (dashed lines). (g) Ratio of colloids belonging to
purely branch-like clusters over the total number of colloids. (h) Ratio of colloids belonging to purely clique-like clusters over the number of colloids. For
all figures, the color identifies the different colloidal densities: high (blue), medium (red), and low (yellow). The shaded areas represent the biological
uncertainty ranges (minimum-maximum across three biological replicates).
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densities, but at high density, the mixed suspensions contained
fewer clusters with low ap. In contrast, purely clique-like and
purely branch-like clusters differed between the colloids-only
and the mixed suspensions. Bacteria increased the fraction of
branch-like clusters N;, /Ny, while decreasing clique-like clusters
NZ /Ny, across all densities (Fig. 7g and h). We conclude that
differences in global airiness between systems with and without
bacteria mainly arise from shifts in the numbers of purely
branch-like and purely clique-like clusters, while mixed clusters
remain largely unchanged.

2.4.1 Global ordering. We investigated the patterns formed
on a system-spanning scale in the mixed suspensions by
considering both the effect of bacteria on the colloidal ensem-
ble and vice-versa. This was done by calculating the lacunarity
of the colloidal pattern, as well as by estimating the elastic
backbone of the percolation network.
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Fig. 8 Global lacunarity of colloidal structure as a function of box size for
mixed suspensions (solid lines) and colloids-only suspensions (dashed
lines) for high (blue), medium (red), and low (yellow) particle concentra-
tions. The shaded areas represent the biological uncertainty ranges (mini-
mum-—maximum across three biological replicates).
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2.5 Lacunarity

We assessed ordering on a global level and the emergence of
characteristic length scales by calculating the lacunarity 4 of the
colloidal pattern, for different system-spanning tesselations with
square tiles (‘boxes’) of side d.*® The lacunarity measures the
heterogeneity and gappiness of a pattern on the scale d, with
higher 7 values indicating a higher heterogeneity on the consid-
ered length scale.”>*® Mixed suspensions had higher (~30%) and
wider (~30-50%) lacunarity peaks, shifted towards larger values of
d (~25-40%), compared to colloids-only suspensions (Fig. 8).
These changes reflect greater heterogeneity, a broader gap-size
distribution, and the presence of larger gaps in the mixed suspen-
sions. This is consistent with the clique analysis, which showed
that the bacteria promote a branch-like airier colloidal packing.

2.6 Elastic backbone

Lastly, we evaluated the effect of the colloids on the bacterial
network by comparing the percolating structures in bacteria-
only and mixed suspensions. We assessed the length of the elastic
backbone of the percolating structures, defined as the union of all
the shortest paths connecting two representative points P; and
P,,*® and we further normalised it by the distance between two
such points. The elastic backbone represents the stress-bearing
structure of the network.”" Mixed suspensions exhibited longer
elastic backbones than bacteria-only suspensions, and backbone
length increased with colloidal density (Fig. 9a—c). As the length of
the elastic backbone is related to the resistance to stresses, we
speculate that the presence of particles reinforces the bacterial
network, making it more resistant to disruption.

3. Conclusions

In this work, we studied how the presence of sedimenting
colloids influences the near-wall layer structure of the
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Fig. 9 Analysis of elastic backbone. Examples of elastic backbone (red line) as detected from phase-contrast images (a) in the bacteria-only and (b) in
the mixed suspensions; (c) length of the elastic backbone, i.e. the shortest path connecting two points P; and P, as close as possible to the image
diagonal normalized by the linear distance separating them P; P,, for different colloidal densities: high (blue), medium (red) and low (yellow), compared to
the bacteria-only suspension (black). Plotted are the mean and standard deviation from three biological replicates.
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percolating network formed by bacteria during sedimentation
and how the network, in turn, influences colloidal aggregation.
We find that the presence of bacteria favours colloidal cluster-
ing. The microscopic origin of the observation was investigated
by characterizing the structures emerging in mixed and colloids-
only suspensions at different length scales (local, mid-range,
global). At the local level, the colloidal arrangement is similar
with and without bacteria, as shown by the coordination
number and the centrosymmetry parameter. However, at the
mid-range scale, we observed enhanced clustering in the
presence of bacteria, as evidenced by the increased number
of larger clusters in the mixed suspensions. Such clusters
were more branch-like and less compact than those in
colloids-only suspensions. These observations explain why
at the global scale the presence of bacteria induces a greater
heterogeneity and gappiness in the colloidal surface-layer
pattern, as shown by higher lacunarity values. We attribute
this to the randomly orientated bacterial network acting as a
barrier to local ordering propagation. This suppression of
ordering propagation is not specific to the biological nature
of the bacteria, but arises from the presence of a disordered,
percolating fibrous scaffold that geometrically constrains
colloidal rearrangements. We therefore expect similar beha-
viour for non-biological rod-like or fibrous networks in the
isotropic regime, while different responses may emerge if the
scaffold develops orientational (e.g. nematic) order. The con-
clusion was supported by analysis of the mid-range order
parameter local entropy, which quantifies the mid-range
ordering. We found that in purely colloidal suspensions
ordering was stronger and propagated further (up to 34 particle
shells) than in mixed suspensions.

Finally, we assessed the effect of the colloids on the bacterial
near-wall layer network by comparing mixed colloids-bacteria
suspensions to the bacteria-only suspensions. In particular, we
evaluated the length of the elastic backbone, the load-bearing
structure of a percolating system. We found that the presence
of colloids resulted in longer elastic backbones, possibly indi-
cating a structure with greater stress resistance, than in the
bacteria-only case. Further investigation is needed to confirm
this hypothesis, e.g. by evaluating the rheological properties of
such suspensions.

While previous efforts to investigate and control near-wall
colloidal patterning have typically relied on synthetic deple-
tants or engineered surface geometries, our study is the first to
demonstrate that living biological matter can act as a self-
assembling scaffold to drive these near-wall microstructural
transitions.®>%® Overall, our study reveals that the presence of
sedimenting non-motile bacteria with colloidal particles gives
rise to collective structures distinct from those in purely colloidal
and purely bacterial suspensions. These findings provide a basis
for using bacterial scaffolds to modulate colloidal assembly and
offer a framework for studying particle-network interactions
across scales. While primarily fundamental, this approach may
also help to rationalise unwanted bacterial aggregation in envir-
onmental systems, including those influenced by microplastic
contaminants.

This journal is © The Royal Society of Chemistry 2026
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