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SHORT COMMUNICATION

Polymersomes mimic biofilms fractal growth
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Abstract We have mimicked the biofilm formation with
highly stable biocompatible poly(2-methyl-2-oxazoline)-
based polymersomes by simple spreading-drying of a droplet
of the sample solution onto a glass support. The diffusion-
limited aggregation process of polymersomes onto the surface
was analyzed within a fractal framework. The different exam-
ples analyzed and presented together indicate one means by
which the aggregation process can be controlled and predict-
ed. The anti-bacterial adhesion properties of poly(2-methyl-2-
oxazoline) allow potential uses in surface modification for
biofouling prevention improving stability and response time.
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Biofilms are a ubiquitous form of microbial colonization that
profoundly affect human health via resistant infections and
disrupt industrial processes generating costly problems
through biofouling in power industry, shipping industry, water
purification, pharmaceuticals, microelectronics and food
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industries [1, 2]. A noticeable effort has been paid to elucidate
the mechanisms of biofilm formation and the mechanism that
control bacterial cell adhesion [3], combining computational
modeling and direct experiments in bacterial colonies [4, 5],
by paying attention to the emergence of fractality.

Different methods for surface modification have been ap-
plied to control bacterial adhesion. In particular polymer
brushes have been successfully used for antibacterial coating
of sensitive surfaces by using the graft method [6]. Poly (eth-
ylene oxide), PEO covalently attached to surfaces are com-
monly used for reducing bacterial adhesion [7]. The effect of
critical parameters like the length of the polymer chain and the
temperature in polyethylene oxide brushes can be tuned for
optimal prevention of biofilm formation [8]. However, the low
PEO stability has motivated research looking for new alterna-
tives. In recent years poly (2-methyl-2-oxazoline) (PMOXA)
have been found to show excellent antifouling properties with
additional better stability properties. Besides, the PMOXA
outperform PEO in protein-repellent properties in physiolog-
ical and oxidative media [9—-11].

In recent years block copolymers has become a new tool
for the development of membrane-based soft materials
[12—14]. In particular block copolymers are a promising alter-
native to develop biomimetic membranes by incorporation of
functional membrane proteins or by direct chemical
functionalization of the polymer blocks [15]. The incorpora-
tion of functional membrane proteins in pure block copolymer
membranes is an emerging research area that promises to uti-
lize the functionality of membrane proteins for industrial and
biomedical uses. The use of highly stable supports, mechani-
cally more robust than lipid membranes, was found advanta-
geous. Several pioneering works demonstrated the feasibility
of this approach in free standing membranes and vesicles [16,
17]. More recently a simplification of the membrane protein
reconstitution protocols was achieved via self-direct
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Fig. 1 Scheme of the deposition process via spreading-drying, showing
the different droplet areas corresponding to different times, from the
external circle to the internal one. The evaporation, deposition and
polymersome concentration in bulk are time dependent. (Here “a”
corresponds to time zero)

reconstitution [18]. Polymer functionalization allows, among
others, the development of new biomedical applications.
Lately, polymersomes with the adhesive properties of
leukocites, leuko-polymersomes, have been developed with
potential uses in theranostics [19-21]. In a previous work
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Fig. 2 Height determined using AFM at different magnifications
showing the clusters of polymersomes in glass (a)-(e). The insert on (e)
show the intensity profile with the high and diameter of the vesicles in a
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using a triblock copolymer with a hydrophobic block based
on poly(dimethylsiloxane) we demonstrated the functional
reconstitution of gramicidin A on a large membrane
area. Most recently we have investigated the formation
of flat stable membranes into solid supports for surface
functionalization [22, 23].

In the current work we used block copolymer-based vesi-
cles, polymersomes, to mimic the biofilm formation on glass
supports. The polymersome deposition was achieved by
spreading and drying of a small drop of polymersome solution
onto a glass support. The covering of the glass show a
diffusion-limited aggregation process or DLA with fractal pat-
tern analogous to those found in bacterial growth under star-
vation. The polymersomes form three dimensional clusters
growing outside the surface similarly to the process of biofilm
grow and maturation.

Polymersomes have been obtained at low concentration in
aqueous solution using a triblock copolymer (PMOXA ;-
PDMS¢o-PMOXA-) with molecular weight (MW) of
5800 g/mol, obtained from BioCure (USA) with 60 units of
poly(dimethylsiloxane) (PDMS) and 7 units for the side
blocks of poly(2-methyloxazoline) (PMOXA) carrying an ad-
ditional methacrylate end groups. The sample preparation
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protocol was described in a previous paper by Gonzalez-Perez
etal. [22]. The polymer concentration used in our experiments
was about 10 mg in 1,5 ml of distilled water, and slight chang-
es in the polymer concentration did not result in substantial
changes in the pattern after deposition.

After depositing a 1,5 pul drop onto a clean glass sur-
face, we left the sample to dry at room temperature and
then investigated the different polymer patterns on the
solid support. After the sample was completely dry we
obtained different topographic images of the present pat-
terns on the glass using atomic force microscopy in con-
tact mode with an AFM Nanowizard II from JPK.

Figure 1 show a scheme of the drying process. The con-
centric circles represent the area of contact between the
droplet and the glass over specific time frames. During
the deposition process (through evaporation); the drying
process, droplet size, polymersome concentration and de-
posited pattern are time-dependent parameters.

With increasing time the droplet area decreases, due to
solvent evaporation, following the sequence a >b >c¢ > d
where a, b, ¢ and d denotes the corresponding area. Note
that the polymersome concentration in the solution chang-
es during the drying process showing increasing concen-
tration at a given time. The precise concentration at each
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Fig.3 AFM images with three different colors to enhance the difference in height. On the bottom we show 3 different intensity profiles (corresponding
to the lines traced on the selected areas on the left) showing different heights
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time is difficult to assess, however it allow us to associate
differences in pattern coverage with a qualitative differ-
ence in polymersome concentration.

The AFM imaging was performed after the droplet was
completely dry looking at different areas within the initial
droplet area as shown in the scheme of Fig. 1. We could
observe different patterns that appear from the exterior of the
starting droplet to the interior. The imaging of such patterns
allows us to elucidate the aggregation mechanism. On Fig. 2
we show the formation of clusters of individual vesicles at
different magnifications in different regions of the dry sample
close to the exterior, (region “a” in Fig. 1). Individual vesicles
can be better appreciated at the outermost part of the deposi-
tion area (clusters). These areas are defined by the diameter of
the deposited droplet where the concentration is lower.
However, at the center of the deposition area is more difficult
to observe them since there are many more vesicles because
the concentration of these increases with deposition time.

Figure 2c corresponds to a nucleation process where the
polymersomes start to cluster but the concentration is still low
enough to differentiate the individual vesicles. The size of the
vesicles in solution was previously determined using dynamic
light scattering (DLS) and found to be about 200 nm. A slight-
ly lower size was found, about 180 nm, from the AFM inten-
sity profiles (see Fig. 2e). The differences can be attributed to
the dehydration process that results after dry of the sample in
the solid support. From (a) to (c) we can observe different
stages of the vesicle cluster formation. The branches may
grow at distances higher than 10 pm from the same nucleus.
Each polymersome cluster keeps their individuality and does
not mix with the neighbors. Despite of the short PMOXA
hydrophobic chain, with only 7 units, the polymersome
adhesion does not result in vesicle fusion and a tree-like
pattern, analogous to the one found in bacterial growth
under starvation, develops.

We also imaged regions close to the center of the deposition
arca. After the available area is covered by tree-like structures,
in areas where the concentration of polymersomes is high
(corresponding to “d” in Fig. 1), the remaining vesicles depos-
it on top of the branches increasing the density of vesicles and
forming different layers. At the end of the branches we can
observe that polymersomes can be merged to generate a more
uniform layer where the individual vesicles can no longer be
identified. The onset of this “fusion” can be seen in Fig. 2f.

On Fig. 3 we show AFM images as an example of fused
vesicles within the fractal structure.

After initial fusion of vesicles, the pattern grows in height
as we can show in Fig. 3d. We can observe different profiles
corresponding to the accumulation of layers of vesicles. Note
that the growing in height is not uniform as we can observe in
the same patters areas with more or less layers.

To get insight of the nature of the aggregation process and
learn about the dynamic of the pattern formation we proceed
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to the calculation of the fractal dimension. The fractal dimen-
sion is related to the number of vesicles n with the size s of the
cluster by n=s. The fractal dimension is given by using the

expression, d = %, where n is the number of vesicles and s

the linear size of the structure. The value of d can be deter-
mined by using the box-counting method [24] and is given by
the slope of the linear portion of a log( N (s )) versus log(1/s )
graph. Where s represents the different sizes of the square of
mesh and N(s) is the number of mesh boxes that contain part
of the image. For fractal dimension estimation we developed
custom MATLAB codes based on the original algorithm
(MATLAB R2012b, MathWorks Inc., Natick, MA, USA).
The original images were opened, processed and fractal di-
mension was evaluated with these programs.

In Fig. 4 we show the log-log graph for different areas
imaged in the dry sample, as well as the percentage of the area
cover by the polymer as a function of the fractal dimension.
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Fig. 4 (top) Log-Log plot for different regions imaged. (bottom) Fractal
dimension versus area covered by the polymersome pattern
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The uncertainty in the fractal dimension was estimated using
several AFM images at different coverage area.

The fractal dimension at low covered areas corresponds to
a diffusion-limited aggregation or DLA process, with values
about 1.74 [25, 26] typical for fractal aggregates of particles
[27].

Looking at the different areas we can observe that the pat-
terns grow in two directions with successive incorporation of
vesicles, at the top and apical region of each existing cluster in
an analogous way to growth in some biofilms. An increase of
the fractal dimension value that goes asymptotically into
Euclidean dimension of 2 can be observed (see Fig. 4). The
successive incorporation of vesicles on the top of the cluster
contributes to form a compacted layer resulting from fused
vesicles. This phenomenon appears in biofilm growth during
the maturation process where the cells can fuse and release
their interior into a common internal area protected from the
external environment.

The AFM imaging in the successive areas from the exterior
to the interior of the sampling area can be used as a time frame
following different steps in the growth of the fractal pattern.
When concentration goes extremely high the pattern become
morphologically like a biofilm structure. The result of succes-
sive layers of vesicles fused on top of each other increase
substantially the available surface area of the artificial biofilm.

In summary, we have showed that by simple spreading-
drying of a solution of highly stable polymersomes it is pos-
sible to get insights about kinetics of polymersome aggrega-
tion onto solid supports. The current work has showed the 2D
aggregation of polymersomes in an analogous way to bacterial
growth under starvation and demonstrated that this aggrega-
tion follows a DLA-like model. The patterns formed show a
fractal dimension that change according to the polymersome
concentration during the drying process. Additionally, the per-
pendicular growth increases the surface area in analogy to the
process of biofilm grow and maturation.

This method allows the surface functionalization by mim-
icking the biofilm formation with potential application in bio-
fouling prevention. The structure could be fixed by adding
cross-likable methacrylate groups at the PMOXA hydropho-
bic motif. The outstanding physicochemical properties and
biocompatibility of this block copolymer suitable for mem-
brane protein reconstitution can be a valuable tool to develop
new nanostructures that mimic fractal patterns in biofilm for-
mation opening new routes for surface modification.
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