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We study the motility of B. subtilis confined within antimicrobial Chitosan(CT)-Polyvinylalcohol(PVA) porous
hydrogels using confocal microscopy and particle tracking. We show that with increasing CT content
the bacterial motility reduces, as indicated by the average mean squared displacements (MSDs), and the
mean bacterial velocities. Furthermore, the short-time motility changes qualitatively from the straight runs
characteristic of the run-and-tumble motility to diffusion and sub-diffusion. In the anomalous diffusion regime
a large spread of individual MSDs indicates the presence of pronounced dynamical heterogeities. At the same
time the ergodicity breaking parameter presents a maximum at small CT content. We interpret these findings
in terms of a competition between confinement effects and the electrostatic interactions between bacteria and
hydrogel, with the former being important at small CT contents, and leading to a broadening of the motility
distribution, while the latter dominating at larger CT fractions and inducing slower but more homogeneous
dynamics. We show that the effects on motility are the first stage of the antimicrobial action, that occurs on
a timescale that depends on CT content and determines the onset of bacterial damage. Our results thus show
that CT content tunes both the strength and the timescale of antimicrobial action.

1. Introduction

Chitosan (CT) is an abundant natural polysaccharide obtained from
chitin by deacetylation or enzymatic treatment of chitin deacety-
lase. It is non-toxic and biodegradable and presents antioxidant [1],
anti-inflammatory [2], hemostatic activities [3], and antimicrobial
action [4]. It is therefore widely exploited in applications such as
drug delivery [5], wound healing [6], tissue engineering [7] and food
preservation [8].

Different antimicrobial mechanisms of action of Chitosan have been
reported [9-12]: The most recognized one is associated with the elec-
trostatic interaction between the NH; functional groups of Chitosan
and anionic structures on the bacterial membrane, such as lipopolysac-
charides and proteins. This electrostatically induced binding changes
membrane permeability, disrupting normal cellular function, finally
leading to lysis. An additional antimicrobial mechanism is related to
the deposition of Chitosan on the bacterial membrane: such deposition
creates a polymeric envelope on the surface of the bacteria, affecting
the uptake of nutrients and the disposal of waste materials, thus induc-
ing the death of the bacteria. Another mechanism is associated with the
ability of Chitosan to chelate divalent cations: since these ions are sta-
bilizing the bacterial membrane, their capture by Chitosan also results

in membrane disruption [13-15]. Finally, it has been also suggested
that Chitosan nanoparticles can affect the motility of flagella [16,17],
and therefore induce immobilization and death.

Among different CT-based materials, hydrogels [18] have been also
exploited for their antimicrobial properties in food packaging [19] and
as films for wound healing [20], among others [18]. When bacteria are
penetrating a CT-based hydrogel, the electrostatic attraction between
the positively charged CT surface and the negatively charged bacterial
membrane is responsible for bacterial trapping on the surface of the
hydrogel [21], where subsequently the antimicrobial action occurs.
However, details of the early stage electrostatic interaction between
bacteria and CT-based hydrogels, how this is modulated by CT content
and what is the timescale of the electrostatic trapping, are essentially
unexplored. Furthermore, the interplay between confinement effects
and electrostatic interaction is unclear. All these aspect are important
to fully understand, control and design the antimicrobial activity of
CT-based hydrogels.

We address here these questions by investigating the interaction of
a gram positive bacterium exhibiting run-and-tumble motility [22,23],
B. subtilis, absorbed within polyvinylalcohol/chitosan hydrogels con-
taining different amounts of CT. We show that while the pores in the
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hydrogels are becoming larger with increasing CT content, i.e. potential
confinement effects are reduced, the increasing electrostatic attraction
leads to anomalous diffusion prior to trapping and bacterial damage.
Anomalous diffusion, i.e. a motion in which the mean squared displace-
ment shows a power-law dependence on time with exponent n # 1,
has been observed in many different systems, including the cellular
environment, polymer nanocomposites, confined passive and active
particles [24,25]. By determining various parameters of the observed
anomalous diffusion we investigate its origin, and we show that the
amount of CT finely tunes the deviation from active run-and-tumble
motion and the timescale of the electrostatic entrapment on the hydro-
gel surface, thus affecting in turn the timescale of the antimicrobial
action. These findings show therefore that bacterial motility can be
used as a parameter to investigate the time-dependent antimicrobial
action of the hydrogels.

2. Materials and methods

We describe in what follows the procedure to prepare the gels,
their characterization, the preparation of the bacterial colonies and
their incorporation in the gels, the microscopy experiments and their
analysis. A scheme describing all these steps from sample preparation
to microscopy experiments is reported in Fig.1 of the Supplementary
material (SM).

2.1. Gel preparation

CT with molecular weight M,, = 190 — 300 KDa, PVA with M,, =
146 — 186 KDa and with a degree of hydrolization equal to 99 + %,
and acetic acid were purchased from Merck, and used without further
purification. CT was dissolved at temperature T = 20° C in a solution
of acetic acid and milli-Q water (0.1 M) at a concentration of 2%
(w/v). The solution was continuously mixed for 4 h using a magnetic
stirrer. PVA was dissolved in milli-Q water at a concentration of 5%
(w/v) and at T = 90 °C, mixing for 1 h with a magnetic stirrer.
The so-obtained CT and PVA solutions were mixed for 1 h at T =
50 °C in different volume ratios: PVA100%-CT0%, PVA90%-CT10%,
PVA80%-CT20%, PVA70%-CT30%, PVA60%-CT40%, PVA50%-CT50%
and PVA30%-CT70%. After mixing the solutions were poured into a
Petri dish. Freeze-thawing was used to induce physical crosslinking
and formation of hydrogels. Freezing was performed at T = —20 °C,
while thawing at room temperature, for a total of 3 cycles, each one
consisting of 24 h (freezing and thawing). Since in previous work [26]
no pronounced differences were found between distinct freeze-thawing
ratios, we used a 12 h freezing and a 12 h thawing times. The obtained
hydrogels were washed every 12 h with milli-Q water for a total of
4 days to remove any non-crosslinked polymer residue in the sample.
Fluorescent labeling was obtained by immersing the hydrogels in a
solution of Rhodamine B for 72 h. The long immersion time was used
to obtain a uniform distribution of fluorescent dye within the hydrogel.
Due to the strong affinity between Rhodamine B and the used polymers,
the amount of dye in the liquid phase of the swollen hydrogels is
negligible.

2.2. Characterization of gel porosity

To characterize the gel porosity, confocal microscopy imaging was
carried out on fluorescently labeled, fully hydrated hydrogel samples
by using a Leica TCS SP8 confocal microscope. Samples were deposited
on the wells of LabTek Chambered Coverglass with a 1.0 borosilicate
glass coverslip at the bottom, and imaged using a 63x oil immersion
objective with a numerical aperture N.A. = 1.43. A 561 nm wavelength
laser was used to excite Rhodamine B and the fluorescence emission
was collected through a hybrid GaAsp detector over a wavelength
spectrum from 571 to 600 nm. For each sample we collected 10 volume
stacks of 512 x 512 x 251 pixels?, corresponding to hydrogel volumes
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of 184 x 184 x 50 pm?, at 15 pm distance from the coverslip. Three
replicates were measured for each gel.

MorpholLibJ [27] was used to process and analyze the obtained
volume stacks. In particular, the software was used to determine the
pores present in the imaged volume of the hydrogels, and to estimate
an average pore radius R as follows: Inertia ellipsoids were fit within
each pore, and their axes R,, R, and R, were extracted. Then R; =
(R,+R,+R./3) was calculated for each pore j, and its average value R
and standard deviation were determined using the data obtained from
10 volumes and 3 replicates. Pores on the edges of the imaged volumes
were excluded from the analysis since these may extend beyond it. In
principle the individual pore volumes and total volume fraction could
be also estimated from the image analysis. However, due to the limited
resolution and statistics, we preferred to use swelling data to determine
gel porosity according to:

W—Wq

¢(%) — Puwater

T, X 100 6))

Pwater Ppolymer

The average ¢ was obtained as the mean of three replicates, and errors
as the maximum deviation from the mean.

2.3. Bacterial culture

Bacillus subtilis (type strain DMS-10) was purchased from DMSZ
(Germany). The bacterial culture was re-activated according to the
procedure provided by DMSZ [28,29], and subsequently diluted in
tryptic soy broth (TSB) to obtain a dispersion presenting an optical
density of approximately 1, as measured using a Thermo Scientific Nan-
oDrop OneC UV-Vis Spectrophotometer with a wavelength of 600 nm
(ODgqg). Colonies for the individual experiments were prepared by
inoculating aliquotes in 5 mL TSB at 32 °C, that were then growing
overnight while agitated at 180 rpm. Measurements of ODg, at in-
tervals of 30 min were used to confirm that the stationary phase was
achieved. Once in the stationary phase, the bacterial dispersion was
diluted to ODggyy= 0.15 in fresh TSB and additional growth was induced
over 30 min. This procedure allowed maximization of the number of
motile cells. Bacteria were fluorescently labeled by adding a solution
of SYTO9 to the bacterial dispersion with a final concentration of 5
pM. The dispersion was then kept in the dark for 15 min under mild
agitation. In the bacterial dispersion used for the confocal microscopy
experiments the concentration was sufficiently low to neglect local
gradients of oxygen or nutrient, and to avoid significant differences in
bacteria interactions throughout the sample.

2.4. Adsorption of bacteria within the hydrogels

Hydrogels were preliminary equilibrated in fresh TSB overnight in
sterile vials to avoid any possible gradient in nutrient or oxygen concen-
tration. To induce bacteria adsorption, 200 pL of bacterial dispersion
were poured in the wells of a Labtek sterile plate; in a second step, the
previously equilibrated hydrogels were inserted in the wells containing
the bacterial dispersion for 15 min, under soft agitation and in the dark.

2.5. Tracking of bacterial motions and analysis of trajectories

The motility of the bacteria in bulk and absorbed within the hy-
drogels was determined through particle tracking analysis applied to
time series of confocal microscopy images acquired with the Leica
TSC SP8 microscope. The fluorescence from the polymer network of
the hydrogel (Rhodamine B) was again excited using a 561 nm wave-
length laser, while the fluorescence of the bacteria (SYTO9) was ex-
cited using a 488 nm laser. The corresponding fluorescence emissions
were detected using two GaAsp hybrid detectors in the wavelength
ranges 571-600 nm (hydrogel) and 498-550 nm (bacteria). For each
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sample 2000 images of 512 x 512 pixels?, corresponding to a sam-
ple area of 42 x 42 pm?2, were acquired at room temperature with
a rate of 27.8 fps. Particle tracking analysis of the obtained image
time series was performed using Trackpy v0.50 [30,31]. Particle tra-
jectories were corrected for background drift using routines avail-
able in Trackpy. The ensemble-averaged, time-averaged mean squared
displacement was calculated in Trackpy according to the following
expression:

(4 (x)) = (8r()); )

where 7 is the lag-time, (); indicates an average over all trajectories i
and Arl.z(r) is the time-averaged MSD of trajectory i:

86r2(z) = |x,(t + 7) — ;O + |yt + 1) = y, () 3)

where x; and y; are the coordinates of the centroid of bacterium
i, t is the time along the trajectory, and the overline indicates the
time-average. Errors on (4r?(r)) were calculated as standard devi-
ations. The deviation of individual time-averaged MSDs from their
ensemble-average for a lag-time r was calculated as:

&(1) = 6r4(n) [{(Ar (1)) 4)

and the variance of the distribution of &(z) values, also called ergodicity
breaking parameter EB, was calculated according to:

EB = (£ (1)) - (£(0))? 5)

TrackMate was additionally used to analyze single trajectories and
extract their characteristic speeds and distributions [32-34].

3. Results and discussion

3.1. Characterization of the gel network structure and mechanical proper-
ties

The gel network structure as a function of composition and the me-
chanical properties of the gels were characterized in detail in previous
work [26]. We briefly report here the main findings of this characteriza-
tion, referring to the cited reference for additional details. The network
structure was investigated by scanning electron microscopy (SEM) and
small angle X-ray scattering (SAXS). SAXS data were modeled assuming
a fractal network structure of the gel, obtaining as a result that the
average mesh size is of order 3-4 nm and is poorly dependent on the
composition (CT content). At the same time, solid-like heterogeneities
of the network become smaller with increasing CT content, i.e. the gel
becomes more homogeneous as confirmed by SEM images. This is also
indicated by the increase in hydrogel transparency with increasing CT
content (Fig. 1, left). Rheological measurements of the gels showed a
progressive softening of the network with increasing CT content, as a
result of the lower compliance of the CT network with respect to the
pure PVA network.

3.2. Characterization of gel porosity

In this section we discuss the characterization of the gel porosity
obtained from the analysis of confocal microscopy image stacks. Fig.
1(top) reports exemplary renderings of gel networks with CT contents
equal to 0%, 30% and 70%, renderings for the remaining compositions
can be found in Fig.2 of the SM. The heterogeneous porous structure of
the gels is evident in all cases. The pore morphology and size was ana-
lyzed using Morpholibj, as described in Materials and Methods and as
previously described in detail [26]. By modeling pores using inscribed
ellipsoids, their morphology was found to be asymmetric. Referring to
the axes in Fig. 1 (top), it was found that the pores are elongated in the
y-direction for a section along the x-y plane, while relatively flat in the
vertical direction z [26]. As shown in Fig. 1(bottom) the average pore
size, determined as described in Section 2.2, increases with increasing
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CT content, in particular above 40% [35,36]. On the other hand, the
corresponding distributions of pore volumes are broad for CT contents
< 40%, while they become narrower for larger CT contents [26]. The
increase in pore size is reflected in an increase of the porosity ¢ as a
function of chitosan content (Fig. 1, inset).

3.3. Bacterial motility

We analyze in this section the results regarding the motility of
bacteria absorbed within PVA-CT hydrogels with varying CT content.
We first discuss the ensemble average of the time averaged mean
squared displacements (ETAMSD) and their variation with CT content,
and later report a detailed analysis of the individual time-averaged
MSDs (TAMSD) (Eq. (3)) and their distribution, discussing our results
in the framework of available models for anomalous diffusion. The
ETAMSDs were obtained according to Eq. (2) averaging about 300
trajectories up to 30% CT content, about 250 for 40% CT content, and
150 for larger CT contents.

3.3.1. Ensemble averaged, time averaged MSD

The motility of freely swimming B. subtilis can be described in
terms of the run and tumble model [23,37,38]. The characteristic
directed motion associated with the run phase can be clearly seen in the
exemplary trajectories reported in Fig. 2A (left) for B.subtilis in triptic
soy broth buffer. The corresponding ETAMSD is characterized at short
times by a super-diffusive motion associated with the directed motion
observed during the run phase, in agreement with previous works [39-
42]. The ETAMSD was fitted in the interval 0.3 < 7 < 2 s, corresponding
to the short-time regime where the run phase is observed, using a
power-law dependence, (4r%(r)) = (K)z”" with exponent n ~ 1.35,
where ( ) indicates the ensemble average (Fig. 2B). K is a transport
coefficient having units pm?/s”. The same power-law function was used
to model all data over the same lag-time interval, corresponding to the
regime of short-time dynamics over which all curves present a single,
well-defined slope. Note that we did not observe cytotoxycity effects
associated with the staining of the bacteria with SYTO9, even at longer
times after sample preparation (see Fig. 7 in the SM). We also modeled
the ETAMSD using the Ornstein—Uhlenbeck equation [43] (see Fig. 5 in
the SM), that allowed us to estimate an average run length of approxi-
mately 5.5 pm. For the pure PVA hydrogel (CT 0%), that presents pores
of average diameter of a few pm (Fig. 1), some trajectories still evidence
directed motion, however others indicate rather random motion (Fig.
2A). The ETAMSD becomes less super-diffusive (Fig. 2B), as indicated
by the reduction in the exponent n ~ 1.25. The fit with the Ornstein—
Uhlenbeck equation (Fig. 5 in the SM) in this case yields a run length
of about 2 pm, that is comparable with the pore size. These findings
are consistent with previous studies on the same bacteria confined in
porous PEG hydrogels [39]. Progressively increasing the CT content
trajectories do not show any longer directed motion, rather random
motion, and indicate increasingly limited excursions (Fig. 2A, addi-
tional plots in Fig.3 of the SM). The ETAMSD correspondingly becomes
first diffusive and then subdiffusive at intermediate CT content, and
finally almost flat for CT 70% (Fig. 2B). This suggests a progressive
qualitative transition in the nature of bacterial motions and an overall
suppression of the bacterial dynamics. This qualitative trend of (4r%(z))
is confirmed by the values of the time-dependent diffusion coefficient,
D(z) = n{(K)z""! calculated for = = 1 s, that we indicate as D*, and the
exponent n, both monotonically decreasing with increasing CT content
(Fig. 2C,D) [44,45]. Errors on K and n were obtained from the fits of
equation (4r?(r)) = (K)z", and were propagated to obtain the error on
D*. It is interesting to note that the observed decrease of the average
motility of the bacteria is not coherent with changes in the average
pore size of the system, that remains similar or even slightly increases
with increasing CT content, as demonstrated in the previous section. It
therefore suggests that the observed effect is the result of the interaction
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Fig. 1. Top: Exemplary 3D stacks from confocal microscopy of fluorescently-labeled hydrogels with CT contents equal to 0%, 30% and 70% (as indicated). Right:
Average pore radius as a function of CT content, error bars correspond to one standard deviation. Inset: Porosity as a function of CT content, error bars are
smaller than symbols. Left: Pictures of the gels for the indicated CT contents, reprinted from Ref. [26] used under Creative Commons CC-BY 4.0 license.

B)

Fig. 2. (A) Trajectories of bacteria measured for = = 1 s and four different conditions: free (unconfined) and confined within hydrogels with CT content of 0%,
30% and 70% (as indicated). (B) MSD of bacteria (top) and colloidal spheres (bottom) under unconfined and confined conditions. The dotted lines represent fits
according to equation: (4r>(r)) = (K)z". (C) Time-dependent diffusion coefficient calculated for z = 1 s, D* and (D) Power-law exponent n extracted from fits of
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Fig. 3. (A) The top to bottom rows show individual MSDs and the distributions of K, n and ¢ for free bacteria and for bacteria in gels with chitosan concentrations of
0%, 30%, and 70%, as indicated. (B) Left: Ensemble-averaged, time-averaged MSD (ETAMSD) calculated at = = 0.5 s for all samples (as indicated); Lines represent
fits to a power-law dependence. Right: Ergodicity breaking (EB) parameter as a function of chitosan concentration, calculated for = 0.1, 0.5 and 1.0 s, as

indicated.

between the bacteria and Chitosan. In order to test this interpretation,
we performed similar experiments using passive, uncharged colloidal
particles (PNIPAM microgels) having size comparable to that of B.
subtilis (R,,,; ~ 1 pm). The ETAMSDs obtained for microgel particles
absorbed within gels with different CT content show a trend that is
opposite compared to bacteria (Fig. 2B, bottom): They are sub-diffusive
with power-law exponents between 0.2 and 0.3 up to 40% CT content
(Fig. 2D), a regime where the hydrogel porosity is almost unchanged,
while the exponent increases for larger contents attaining a final value
of 0.6 for CT70 (Fig. 2D), where also the average pore size attains
its maximum value. Consistently, also the time-dependent diffusion
coefficients calculated for = 1s show almost constant values, about an
order of magnitude lower than unconfined microgel suspensions, up to
40% CT content, while they increase for larger CT contents (Fig. 2D).
These findings confirm that porosity should lead to an increase in the
bacterial motility with increasing CT content in the absence of specific
interactions.

3.3.2. Individual time averaged MSDs and distributions of motility

To better understand and classify the anomalous diffusion observed
in our experiments we analyzed in more detail the distribution of the
individual MSDs of each sample [24,25]. Fig. 3A(top) shows the MSDs
of individual bacteria obtained for CT contents equal to 0, 30 and
70%, the same samples previously considered for the analysis of the
ETAMSD. The progressive reduction of the motility with increasing
CT content already discussed for the ensemble averaged MSD is clear
also from these plots. In all cases a broad distribution of the MSDs is
evident, however some qualitative differences are present depending
on CT content: While for the free bacteria most of the MSDs are super-
diffusive, consistent with the run phase of the motility and similar to
findings for other motile cell systems [25], for the pure PVA hydrogel
(CT 0%) one can discern a larger fraction of diffusive or sub-diffusive
MSDs. These become dominant for CT 30% and are the only population
for CT 70%. Furthermore, the spread of the individual MSDs first
increases for CT 0% and 10%, then decreases for larger CT contents.
Each individual MSD was analyzed according to the equation 4r?(r) =
Kr". Fig. 3A(middle rows) reports the histograms of K and » values
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obtained for the free bacteria and the bacteria absorbed within the
3 selected hydrogels. The distribution of K narrows down to smaller
values with increasing CT content, confirming the reduction of the
spread qualitatively discussed for the individual MDSs. The distribution
of exponents n shifts towards smaller values. It becomes broader for
small CT contents, and again narrower for larger values. This indicates
the coexistence of dynamics going from superdiffusive to subdiffusive
at intermediate CT contents, while the majority of bacteria present
subdiffusive motion for large contents of Chitosan. Furthermore, we
found a positive correlation between K and n, similar to what observed
for passive particles confined in disordered matrices [46] (not shown).
We additionally calculated for three different delay times r = 0.1 s,
0.5 s and 1.0 s the relative deviation of each individual MSD from the
ensemble average, that is &(z) according to Eq. (4), and determined the
distribution of values of &(z) that quantifies the spread of the MDSs.
For normal diffusion associated to Brownian motion, the distribution
would be a gamma function at ¢ = 1. As shown in Fig. 3A(bottom)
the distributions are asymmetric for all times and CT contents, and
not centered around 1, confirming the anomalous diffusion behavior
of our samples. Furthermore, the distributions become increasingly
skewed towards smaller values with increasing delay time, indicating
a stronger deviation from ergodic, diffusive behavior. All distributions
present a finite value for & = 0, a characteristic of anomalous dif-
fusion processes like the weakly non-ergodic continuous-time random
walk (CTRW), heterogeneous diffusion [24], transient trapping [47] or
motion of bacteria with variable motility [25]. The value also slightly
decreases with increasing CT content, while the distribution broadens.
The individual MSDs, K, n and &(r) distributions for other CT contents
are reported in Fig.4 of the SM. While the distributions of individual
TAMSD show features that are consistent with CTRW or heterogeneous
diffusion, the ETAMSD dependence on the lag-time and on the length
of the trajectory show deviations from predictions of these models.
Indeed, as seen in Fig. 2B, a linear dependence on the lag-time is only
approximately observed in one case for the ETAMSD. Furthermore, Fig.
3B (left) reports the values of the ETAMSDs of the samples calculated
at ¢ = 0.5 s as a function of the trajectory length T, showing that the
expected scaling T"~! is generally not describing the experimental data.
Indeed for the free bacteria the ETAMSD(z = 0.5 s) slightly decreases
with increasing T, instead of increasing, while for the sub-diffusive
cases for CT > 10% it increases with T instead of decreasing. Values of
the exponents a describing the power-law dependence of ETAMSD(z =
0.5 s) on T are reported in Tab.1 of the SM, and compared to n—1. These
findings suggest that the interplay of different effects, like variation of
cell behavior in the strain, separation in populations, combination of
confinement and interactions, cannot be easily captured by available
anomalous diffusion models.

The variance of the &(z) distribution, the ergodicity breaking pa-
rameter EB calculated according to Eq. (5), is shown in Fig. 3B for the
3 delay times and as a function of CT content. EB is O for a purely
ergodic process. At the shortest time EB is around 0.5 for free bacteria,
indicating a moderate deviation from ergodicity, while it increases to
1 and above for CT 0% and 10%, respectively, then decreases back to
1 and remains approximately constant for all larger CT contents. The
EB, however, increases significantly for longer delay times, especially
for the bacteria confined within hydrogels. This finding is consistent
with results of anomalous diffusion of passive tracers absorbed within
hydrogels [46]. Particularly interesting is the finding that the trend
is non-monotonic as a function of CT content with a clear maximum
observed for CT 10%. This behavior could be the result of a competition
between two different effects: confinement and electrostatic interac-
tion. For 0 or small CT content, the main influence on the bacterial
motion arises from confinement effects, that lead to an increase of the
heterogeneity of the dynamics and a broadening of the MSDs spread,
resulting in larger EB values. However, for significant CT amount, the
electrostatic interaction between the hydrogel and the bacteria becomes
important, while confinement effects are reduced due to the growth of
the pore sizes. The dynamics become slower but more homogeneous,
leading to a progressive decline of the EB value.
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3.3.3. Velocity distributions and reorientation rate

The progressive loss of motility of bacteria absorbed within hy-
drogels containing increasingly larger amounts of CT is confirmed by
additional analyses of the velocity distributions, reorientation rate and
confinement ratio. These were calculated in TrackMate [33] starting
from the trajectories obtained by particle tracking. The mean velocity
was calculated as the average of the instantaneous velocities between
consecutive positions along a trajectory. For each pair of successive
spots starting at time ¢;, a link velocity is first defined as
by = Shirl 6)

Aty

where d;;,, is the distance between two consecutive positions and
A4t;;,; is the corresponding time interval. The mean velocity is then
obtained as the average over all N steps:

N
1
Vmean = N Z ;. @
i=1

The reorientation rate y; of individual trajectories was defined
according to Eq. (8), where i and i + 1 are two consecutive steps
between which the reorientation angle is 6, ;,;, N is the total number
of reorientation events, and 4¢; is the duration of the trajectory.

_ 2 011

N,

Vi (€)]
The average reorientation rate corresponds to the mean of the y; of all
trajectories, and errors on the average were estimated as one standard
deviation

The confinement ratio (Cfn.Ratio); of a trajectory reflects the “ef-
ficiency” of the trajectory in moving away linearly from its starting
point; it therefore reflects the presence of physical obstacles or chemical
factors that can cause the trajectory to become increasingly tortuous.
It is defined by Eq. (9), where d 0 is the linear distance between the
starting and final point and }; d; ;, indicates the total distance traveled
along the trajectory.

. dj0
(CfH.R’dth)j = = 9
Zi di,i+l
The average Cfn. Ratio was calculated as the mean value of the
(Cfn.Ratio) ; of all trajectories, and errors on the average were estimated
as one standard deviation.

Fig. 4A shows the mean velocity distributions for increasing CT con-
tent: The distribution obtained for free swimming bacteria is centered
around V., &~ 20 pm/s, consistent with previous findings [39]. For
CT contents from 0% to 20% the distribution shifts towards smaller
Vinean Values and broadens, consistent with the observations on the dis-
tributions of the K and EB coefficients. For larger CT contents the shift
to lower values is more moderate and the distributions become again
narrower. This confirms that the distribution of motility is maximally
heterogeneous at small to intermediate CT contents. In addition, for all
confined cases we observe the appearance of a second population of low
velocities, that increases and shifts towards increasingly smaller values
with increasing CT content, again in agreement with the distributions
of individual MSDs. At the same time, the reorientation rate increases,
indicating that bacteria try to reorient more often to escape from local
constraints, either induced by confinement or electrostatic interactions.
Consistent with the literature, rod-shaped bacteria with uniformly dis-
tributed flagella as B. subtilis can modulate the reorientation speed
through clockwise rotation of one or more filament motors; allowing
rotation event with a turning angle that can range from 30 to 90
pm/s [48,49]. Correspondingly, the average value of the confinement
ratio, that is defined as the ratio between the net displacement along
a bacterial trajectory and the total displacement, decreases with in-
creasing CT content, indicating the transition from directed to random
motion and progressive arrest.
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Fig. 4. (A) Mean velocity distribution of bacteria absorbed within hydrogels containing different amounts of chitosan (as indicated). Error bars are smaller than
symbols. (B) Average reorientation rate (top) and confinement ratio (bottom) as a function of CT content. Error bars correspond to one standard deviation.
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Fig. 5. (A) (Left) ETAMSD:s of bacterial dynamics, measured 4 h after the bacteria were placed in the HG. Lines are fits to eq. (4r*(r)) = (K)z". (Right) Exponent
n (left y-axis) and D* (right y-axis) extracted from the fits in the left panel. Error bars correspond to one standard deviation. (B) Images for the initial state at t
= 0 h (top) and after 4 h in HG (bottom), for three different Chitosan contents: 0%, 30%, and 70%, as indicated.

3.3.4. Effects of interaction time on the motility

We compared the bacterial dynamics measured immediately after
the absorption of the bacteria within the hydrogels with those obtained
4 h later. The ETAMSDs obtained after 4 h are in all cases significantly
reduced compared to the ones measured initially (Fig. 5-A, left), and
sub-diffusive, as indicated by the fitted n values (Fig. 5-A, right). The
D* values obtained from modeling the MSDs for r > 0.4s confirm
the strong reduction of motility (Fig. 5-A, right). Errors on the » and
D* values were obtained from fits. The origin of these differences is
clear when confronting the images obtained at the two times (Fig. 5-
B): Shortly after absorption (top row) the bacteria occupy the pores
within the hydrogels, and move within them, with only a small fraction

of them that appears to be attached to the hydrogel surface for CT
> 40%. No clear evidence of distorted/damaged bacterial bodies is
present, as deduced from direct inspection of the images. Instead,
after 4 h (bottom row) one can see, except for CT 0%, a significant
fraction of bacteria lying on the hydrogel surface, which becomes larger
with increasing CT amount. In addition, distorted bacterial bodies are
already observed at CT content equal to 20% and become the majority
for 70% CT content. Images for additional composition can be found
in Fig.6 of the SM. Therefore, the observed reduction in the motility
is the effect of the antibacterial action of CT, leading to attachment of
the bacteria to the hydrogel surface through electrostatic interaction,
where the bacterial membranes are progressively disrupted. However,
the amount of damaged bacteria within 4 h is finely tuned by the
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hydrogel composition. Additional measurements at intermediate time
will be performed in the future to precisely assess the timescale of the
electrostatic trapping and live/dead assays to precisely determine the
fraction of damaged/dead bacteria.

4. Conclusions

We investigated how the run-and-tumble motility of exemplary
gram positive bacteria, B. subtilis, is affected by the interaction with
antimicrobial hydrogels containing different amounts of chitosan. This
was achieved by analyzing the trajectories obtained through particle
tracking analysis of confocal microscopy images of bacteria absorbed
within the hydrogels. Shortly after absorption, the bacterial motility
was found to reduce with increasing chitosan content, changing also
its nature from superdiffusive to diffusive and sub-diffusive, with also
the mean velocity that reduces while the reorientation rate increases.
A detailed analysis of the individual MSD distributions evidenced that
when bacteria are absorbed within hydrogels, anomalous diffusion is
always observed, and the spread of the MSDs reveals the presence
of large dynamical heterogeneities. This spread, as indicated by the
¢ distributions and determined by the ergodicity breaking parameter
calculated at intermediate and long times, shows a non-monotonic
trend with a maximum at 10% chitosan content, also consistent with
the variation of the width of the velocity distributions. The trend
was interpreted in terms of the CT-content dependent interplay of
confinement effects and electrostatic interactions. At small CT contents,
i.e. for moderate interaction, the heterogeneity of the dynamics is large,
since populations with very different motility are present: bacteria
that still exhibit run-and-tumble motility while others slowdown or
become almost arrested due to confinement effects and entrapment
on the surface of the hydrogel. However, with increasing CT content,
i.e. for stronger interactions, the population of entrapped bacteria with
small, similar motility rapidly grows, while confinement effect should
eventually slightly reduce, resulting in a reduction of the spread of
the MSDs. We confirmed that the effect is linked to the CT-induced
interactions by performing analogous measurements on neutral micro-
gel particles of comparable size, that show an opposite trend associated
with variation of the degree of confinement as a function of CT content.
At the early stage of interaction investigated in this work, the number
of damaged/dead cells is very small even for the largest CT contents. If
the same experiments are performed 4 h after absorption of the bacteria
within the hydrogels, the dynamics are sub-diffusive for all CT contents
and the amount of damaged/dead cells strongly increases, but is still
modulated by the CT content. Our results thus demonstrate that the
antimicrobial activity of chitosan-based hydrogels can be estimated by
motility measurements and can be quantitatively tuned in terms of
temporal action and strength by the chitosan content. We expect these
results to open the way to the development of chitosan-based materials
with precisely controlled antimicrobial properties. Additional tests for
different interaction times will be needed to precisely establish the
critical timescale of the antimicrobial action. Furthermore, live/dead
assays using propidium iodide and traditional cytotoxicity tests will be
performed in the future to quantitatively assess the antimicrobial action
of the gels.
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