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Abstract: Dynamic Constitutional Frameworks (DCFs) were
synthesized and screened for biofilm inhibition or disruption. They are
composed of a trialdehyde core reversibly linked to a diamine PEG
connector and to a variety of neutral, anionic or cationic heads, to
generate a library of DCFs to generate multivalent dendritic
architectures in the presence of Pseudomonas aeruginosa and
Staphylococcus aureus. The best DCFs were always polycationic and
the nature of the cationic heads significantly impact the antibiofiim
activity. The best antibiofilm activity was observed for DCF3B,
displaying a polyethyleneimine head. Interestingly, a simple inactive
guanidinium functional head, strongly inhibited biofilm growth when
assayed as a multivalent DCF3C. Using a more advanced in vitro
biofilm model of chronic wound infection, DCF3C was found
significantly superior than all other DCFs. These results
demonstrate 1) the versatility and effectiveness of DCFs as low cost
and efficient systems for antibiofilm disruption 2) the efficiency of
dynamic chemistry as a discovery technology.

Introduction

Biofilms are communities of microbial cells that are embedded in
a self-produced extracellular polymeric matrix and are either
attached to a surface or occur as non-surface attached
aggregates. Biofilms are frequently encountered in nature; they
can be beneficial (e.g. waste water treatments) or have a negative
impact, e.g. when causing fouling in industrial settings or when
they form on medical devices like catheters.?l Microorganisms in
biofilms are protected against the activity of antibiotics® and a lot
of efforts are being made to develop novel compounds with anti-
biofilm activity.

Although many bactericidal molecules or materials have been
developed to date, only few inhibit biofilm formation. While a
bactericide is a molecule or a material that kills bacteria, a biofilm
formation inhibitor blocks bacterial attachment to surfaces and/or
formation of aggregates. Molecules or materials that can disturb
the structure of a mature biofilm, reduce or remove its biomass

are named biofilm disruptors, and are also very difficult to develop
or design.!

A wide range of nanofabrication techniques and materials have
been used to generate antibacterial materials based on
nanopillars that induce mechanical stretching of the bacterial
membrane, leading to bursting of the cells upon contact.[l
Enzymatic degradation of the extracellular matrix (including
extracellular DNA) produced by cells in a biofilm can weaken its
structure and can lead to dispersal of cells from the biofilm.
However, bacteria produce extracellular exoenzymes that
apparently prevent excessive degradation of the biofilm matrix.[®%
7 By interfering with these self-controlling mechanisms, specific
molecular binders could represent a potent strategy for controlling
biofilm growth. Positively charged multivalent platforms!® 8 have
been used as inhibitors for biofilm formation, as many
components of the biofilm are negatively charged in physiological
conditions.®! For instance, Haag et al. synthesized multifunctional
zwitterionic  pillar[5]arenes, which formed self-assembled
positively charged nanoaggregates displaying antibacterial and
biofilm disrupting activities. (!

Figure 1. Dynamic Constitutional Frameworks (in red) acting as potential
disruptors of bacterial biofilms as adaptive recognition platforms and effective
barriers against the diffusion of biomolecules (i.e. DNA, proteins, etc.) between
different bacteria (in green) of the biofilm community.
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Figure 2 - Synthesis of DCFs combining 1,3,5- benzenetryaldehyde core 1, (blue) with PEG connector 2, (black) and functional heads 3, (red) in water to generate
DCFs. The names of the synthetized DCFs take into account both the functional module 3X and its molarity compared to 1 and 2. For instance, for functional module
3A, we used 4 different molar ratios 1:3, and their corresponding names are: DCF 3A1.5, DCF 3A2.0, DCF 3A2.5 and DCF 3A3.0. (See Table 1SI in supporting

information).

Dynamic constitutional frameworks (DCFs) are adaptive 3D
dynamic polymeric - dynameric networks that have been used as
multivalent platforms for DNA recognition and transfection as well
as other biomedical applications.'% Linear or cross-linked
connecting building blocks and polyfunctional core centers, linked
together by reversible bonds were used to form cross-linked 3D
scaffolds on which cationic or H-bonding head building blocks
have been attached as terminal components, giving the DCF
scaffolds the ability to bind proteins or nucleic acids. Importantly,
these species display low cytotoxicity with eukaryotic cells.[*3b!
The dynamic covalent and supramolecular bonds play an
important role in the ability to adaptively implement reversible and
constitutional rearrangements of the components within DCFs,
controlling their highly competitive multivalent synergetic
interactions with the components of the biofilm in order to create
effective networks for biofilm disruption (Figure 1).

In this study we are targeting two biofilm producing bacteria,
Pseudomonas aeruginosa and Staphylococcus aureus. P.
aeruginosa is a Gram-negative opportunistic human pathogen
involved in a wide variety of infections, including respiratory,
urinary tract and skin infections 14 S. aureus is a Gram-positive
opportunistic human pathogen that can cause a range of illnesses,

from minor skin infections to life-threatening diseases such as
pneumonia, meningitis, osteomyelitis and endocarditis. It is
frequently associated with hospital-acquired infections and is
often the cause of wound infections following surgery.

In the present study, we propose an unprecedented and easily
processable strategy based on dynamic constitutional chemistry
for the self-construction of DCFs which are screened for their
antibacterial and antibiofiim activity. We use simple building
blocks and an easy parallel screening of complex mixtures via
cooperative and competitive binding effects. This approach allows
the rapid identification of potential highly active candidates,
generated from a large set of building blocks. The methodology to
generate DCFs is based on imine bond formation and exchanges
between three types of building blocks (Figure 2): i) The core
center which is the connection point of the network (1,3,5-
benzenetrialdehyde, BTA); ii) The poly-(ethyleneglycol)-bis(3-
aminopropyl) terminated—PEG is used as the cross-linking
connector of the network and as enhancer of the solubility in
water; iii) The amino or acyl hydrazone functional heads are the
most important molecular subunits, that determine the
interactional affinity and the selectivity of the DCFs for the
biological targets.


https://en.wikipedia.org/wiki/Hospital-acquired_infection

Results and Discussion

In the present study, the trialdehyde BTA core 1 and the PEG
diamine linker 2 are present in all DCFs in a 1:1 molar ratio,
leaving free aldehydes for further reactions with amino or
acylhydrazone functional heads 3, to form DCFs in water (Figure
2). Beside cationic functional heads 3, we also selected several
neutral ones that may bind proteins playing a key role in biofilms.
For instance, lectins LecA and LecB selectively bind uncharged
molecules and are important in the virulence and the biofilm
formation of P. aeruginosal'? Treatment of 1 with 2 (1:1, mol:mol)
in acetonitrile (r.t., 48-72h) afforded, as previously reported,*® two
mixtures of linear and cross-linked neutral DCFO assembled via
reversible amino-carbonyl/imine chemistry (Figure 2). Importantly,
the *H-NMR spectra, recorded in CDsCN and D,O are similar and
remain unchanged for months at neutral pH. As previously
observed, the PEG chains may have a protecting effect against
the hydrolysis of the imine bonds, favouring the imine formation,
leading to linear and crosslinked species in solution.*3 *H-NMR
spectra show the presence of unreacted aldehydes in the
resulting DCFO. DCFO (2 mg/mL of 1) was further reacted in water
with functional heads 3A-W at a molar ratio 1: 2: 3 mol:mol:mol of
1:1:2 generating the final DCF3A-DCF3W (Figure 2, see
Supplementary information for the synthetic details). Their 'H-
NMR spectra are reminiscent with the formation of completely
condensed frameworks with an optimal molar ratio of 1:1:2, that
will be used for biofilm inhibition screening. The molar ratio
between the functional heads and the core subcomponents will
be further optimized after the biological screening

To gain insight into the morphology and aggregation of DCFs in
aqueous solution we investigated their self-assembly behaviours
by Dynamic Light Scattering (DLS) and zeta potential
experiments (Figure 3).'1 When dissolved in water, the
measured hydrodynamic diameters show that most of the DCFs
are highly dispersed, suggesting that they are not aggregating in
solution, as expected for hydrophilic charged species. However,
some particle aggregation can be observed in several cases: a)
DCF3P (polydispersity index [PDI]=0.256) and DCF3Q
(PDI=0.157) have a good PDI with an average diameter of
nanoparticles of 122.0 and 36.5 nm, respectively. b) DCF3H
(PDI=0.350) and DCF3S (PDI=0.421) have a high PDI with an
average diameter of nanoparticles of 400.0 nm and 2000.0 nm
respectively, while DCF3K, DCF3V and DCF3W show a high PDI
and a broad distribution of the diameter of nanoparticles,
indicating that several groups of nanoparticles of different
dimensions are present in aqueous solution (Figure 3b).

Zeta potential experiments for which a large distribution of
potential values was observed (Figure 3c) suggest that most of
the DCFs have a low colloidal stability. These data are in
agreement with the DLS analysis, since the aggregation
processes of DCFs results in large structures and indicates that
the hydrophilic PEG connectors within the DCFs participate in the
charge distribution effect in agueous solution. The dispersion of
DCFs within biofilm may represent an advantage as they cover
large surfaces within biofilm space as a source of enhanced
activity.

The non-aggregating behaviours observed in aqueous solution by
DLS and zeta potential data were confirmed by Atomic Force
Microscopy (AFM) experiments. The AFM micrographs (Figure
4) show a large variety of morphologies: a) the formation of
nanoparticles of DCFO confirm the formation of highly
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polydisperse interconnected aggregates from 10 nm to 150 pum.
(Figure 4a); b) dendritic structures have been observed for dried
solid samples of DCF3A (Figure 4b), while the PDI higher than
0.7 in the DLS analysis is confirming the occurrence of highly
dispersed PEI8B00 heads in water; c) replacing PEI800 with
PEI2000 in DCF3B results in spherical particles with diameter
from ~100-200 nm to 5-10 ym and height up to 95 nm are
observed by AFM (Figure 4c), while in solution particles with
polydisperse size can be observed by DLS; d) different spherical,
rod-like, and dendritic 100 nm to 15-20 um interconnected
particles can be observed for DCF3F (Figure 4d), confirming the
large distribution observed by DLS; e) DCF3J has a complex size
distribution with highly aggregated particles from 100 nm to 100
pum (Figure 4e); f) AFM analysis of DCF3V shows a homogenous
distribution of particles from 10 to 300 nm, with a height up to 38
nm.

Polydispersity index from DLS
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Figure 3 — DLS analysis a) Polydispersity index indicating the dispersity of the
samples: values higher than 0.7 indicate that sample has a very broad size
distribution and b) Hydrodynamic diameter (PDI = 0.05 and 0.7) showing several
particle size dimension with different low and high distributions and c) Zeta
potential-ZP of the DCFs samples, indicating the stability of colloidal samples
related to electrically stabilized colloids for high ZP values or low dispersed
flocculate particles for low ZP values.

The AFM data show that the studied DCFs present unpredictable
highly aggregated structures in the solid state (Figure 4). These
diverse morphological behaviours confirm the conclusions of DLS
studies which lay to the formation of the extended DCF networks
having a large polydispersity in solution. The dimensions of DCF
particles strongly depend on their solubility which is mostly
dictated by the nature of the terminal heads.



The antibacterial and antibiofilm activities of the library of DCFs
were subsequently tested to identify the best combinations and
compositions. Our methodology was to 1) screen the library at a
single DCF components’ ratio 1:1:2 using a standard P.
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aeruginosa biofilm assay to identify the best functional modules;
2) optimize the components ratio on the best DCFs; 3)
characterize the antibiofilm activity using three distinct biological
assays; and 4) test the antibiofilm activity on S. aureus.
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Figure 4 — The AFM micrographs of DCFO, DCF3A, DCF3B, DCF3F, DCF3J and DCF3V.

The assay used to identify the active DCFs was the standard
crystal violet biofilm biomass staining of biofilms grown in 96-well
microtiterplates.?® 1% Bacterial biofiims were grown in the
presence of increasing concentrations of DCFs in 96-well plates.
After rinsing the plates, the remaining biofilm biomass was stained
with crystal violet and the amount of biofilm biomass was directly
assessed by UV-Vis absorbance. Tobramycin 3D was used as a
positive control. 11 161

The antibiofilm activities of the best DCFs against P. aeruginosa
biofilms are shown in Figure 5 (See Figure S6, Supporting
Information, for the entire series). DCF containing cationic
functional heads 3A, 3B and 3C have the strongest antibiofilm

activities while DCF containing functional heads 3F, 3V and 3W
have lower activities. All the other functional heads screened in
this DCF library did not provide any antibiofilm activity. This initial
screening clearly evidenced that both the nature (ammoniums,
pyridiniums, guanidiniums etc...) and the structure of the
functional heads play a central role in the observed antibiofilm
activities. Transamination reactions might occur at the surface of
the cell membranes. As we already mentioned, previous studies
demonstrated that the presence of cationic heads and PEG
connectors are useful for the formation of cyto-friendly DNA
polyplexes and DCFs as DCF3A and DCF3B are well tolerated
by cells.*3®



The fact that the very best DCFs have been identified within the
subgroup of cationic functional heads can potentially be explained
by the fact that P. aeruginosa biofilm cells are embedded in
negatively charged polymeric biomolecules like alginatel® 7,
other exopolysaccharides or extracellular nucleic acids.*8 All
these negatively charged molecules could thus strongly bind the
positive charges of the functional heads, thus giving a better
biofilm inhibition compared with the neutral and negatively
charged DCFs.

Having identified the best functional modules, the next step was
to evaluate whether the relative ratios of each component of the
DCFs would affect their capability of inhibiting biofilm formation.

WILEY-VCH

We prepared new DCFs containing different amounts of
functional heads 3A, 3B and 3C at four molar ratios (1.5, 2.0, 2.5
and 3) relative to the core BTA 1 (Figure 6, plots A, B, and C for
functional modules 3A, 3B, 3C, respectively). As for the initial
DCEF library, the molar ratio between core 1 and linker 2 was 1:1.
The general trend was that increasing the proportion of cationic
functional module relative to 1 increased the antibiofilm activity.
For modules 3A and 3C the ratio 2.5 gave the best inhibition
results. At this ratio the concentration of 31uM (relative to 1) gives
a biofilm inhibition higher than 50%. This series of experiments
indicate that the charge density at the surface of these dendritic
materials play an important role in the antibiofilm activity.
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Figure 5 — Biofilm biomass evaluated after the treatment of ~ 5 x 108 CFU of P. aeruginosa PAO1 with positively charged DCFs at increasing concentrations. The
concentration range is 4 - 493 uM of 1 for all DCFs. Untreated bacteria are used as positive control (Pos C set to 100%). The experiments were performed a single
time with 3 biological replicates each with 2 technical replicates. Data shown are average, error bars indicate standard deviation. * ANOVA with a Dunnett post hoc

test statitical test with P>0.0001.

As a control, we also measured the antibiofilm activity of the
functional reference heads (Figure 6D). Functional heads 3A and
3B show antibiofilm activity on their own. Interestingly, functional
module 3C does not show any antibiofilm activity by itself while its
DCFs show powerful biofilm inhibition. Noteworthy, the control 1:1
mixture of core BTA 1 and linker PEG diamine 2 without functional
module (compound named DCFO) did not display any antibiofilm
activity. Globally, the best DCFs present an antibiofilm activity at
concentrations of 2 to 123 uM of 1 (or 5 pg/mL to 1 mg/mL for the
whole material).

To further quantify the antibiofilm activity, the concentrations at
which the increase of biofilm biomass is inhibited by at least 50%
(BBICso) were determined for the best DCFs and their
corresponding functional modules (Table 1). As usual in
microbiology and material sciences, we specified the mass
concentrations (pug/mL) of the whole material. To allow
comparison of the molar concentrations of the different DCFs we
also expressed them as the pmolar concentration (uUM) of 1 that
is present in the DCF. We also determined the minimal biofilm
eradication concentration (MBECsq, Table 1), which is a measure
of the ability of a material to disrupt an existing biofilm. MBECsg
represents the lowest concentration of DCF that eradicates at
least 50% of the biofilm biomass of a mature biofilm
(supplementary information for detailed protocol). Here, bacteria
were allowed to form biofilm during 24 hours, and after rinsing the
planktonic bacteria, fresh culture medium and increasing
concentrations of DCFs were added and incubated for another 24
hours. The remaining biofilm biomass was compared with the

control experiment (untreated PAO1 biofilm formation after 24h).
In general, MBECs values were found to be in the same range as
the MBICsg values.

Globally, the three most-active DCFs are DCF3A, DCF3B and
DCF3C. Their antibiofilm activities are in the same range but
DCF3B had a better profile, especially for its ability to eradicate a
pre-established biofilm. However, the most remarkable result of
the whole series is the fact that DCF3C displays good biofilm
inhibition properties despite the fact that its subcomponents have
neither antibiofilm nor bactericidal activities.

The results obtained are encouraging as the activity range
obtained against P. aeruginosa is similar to the literature data on
positively charged pillararenes, bridged bicyclic peptides or
glycopeptide dendrimers,® 19 while the synthetic work to
generate our DCF materials is significantly more simple and less
expensive, thanks to the dynamic chemistry approach.

To assess whether this pronounced antibiofilm activity is due to
bacterial growth inhibition, we determined the MICs, of the most
active DCFs (Table 1). The MICsg is the minimal concentration
that reduces the growth of planktonic bacteria with at least 50%
compared to untreated controls. 3A and 3B and DCF3B have a
BBICso that is lower than the MICs, which indicates that this
material might prevent P. aeruginosa biofilm formation at
concentrations that do not inhibit growth.



¥ Concentration uM of 1
g Il PosC I8 [N 31
o
E . 200 16 W62
T w
2@
0 -
a0
SF
4
o3
£ 2 1001
2%
Es
s
o
N
0.
<
o(;

Concentration uM of 1

15004 [l PosC [ 31 W 124
62 248

% Biofilm biomass of Pseudomonas
aeruginosa PAO1-GFP

WILEY-VCH

A Concentration uM of 1

g Il PosC I8 N 31
€ 200 16 62
T W
29
B =3
a0
S
2w
£ £ 100
22
8
[
)
“ N ) Q
N WA YV %]
R Q0 g g
I fo o I
Q Q Q Q
DCFs
D
Concentration in pM of 1
150+ Bl Pos.C . 3 . 62

Il 124 W 248

1004

504

% Biofilm biomass of Pseudomonas
aeruginosa PAO1-GFP
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Table 1 — MIC50, MBICso and MBECso values for the most active DCFs and
functional modules against P. aeruginosa PAO1

DCF BBICso g MR of 1) MICso
DCF 3A2.0 201 (62) 808 (246) 201 (62)
49.3 (629) 98.7 (1239) 98.7 (123%)
DCF 3B2.0 87.3 (15) 174.6 (62) 174.6 (32)
62 (317) 123 (62%) 123 (62%)
DCF 3C2.0 116 (62) £ 116 (62)
b b b
D(ggn%gﬁjo 10 (3.9) 20 (7.8) 5(1.92)
?aatﬁ%?gtti’c‘;' 3.6 (7.8 3.6 (7.8 1.8 (3.99)
DCF 3F2.0 - nt¢ -©
DCF 3V2.0 1013 (493) - 1013 (493)
DCF 3W2.0 -© ntd =€
a)  Concentration (M) in pure functional module b) value higher than 1

mM c) value higher than 0.5 mM d) nt — not tested;

Table 2 — MICso and MBICso results for active DCFs and functional module
against S. aureus Mu50.

DCFs BBICso MICso
ug-mL* of the whole material (UM of 1)

DCF 3A2.0 402 (123) 805 (247)

3A -b 789 (9862)
DCF 3B2.0 349 (62) 349 (62)

3B L 246 (123%)
DCF 3C2.0 986 (>493) 986 (493)

3C b b
DCF 3D2.0 >1973 5125 (1973)

(Control)

3&1?“ %cngttllz:csl 1850 (>3957) 1850 (3957)
DCF 3F2.0 982 (493) 982 (493)
DCF 3v2.0 < 506 (247)
DCF 3W2.0 < <

a) Concentration (uM) in pure functional module b) value higher than 1 mM c)
value higher than 0.5 mM.



To shed light on the origin of the antibiofilm activity, growth curves
have been measured in presence of 0.63 pg/mL, 10 pg/mL and
80 pg/mL of compounds DCF3A, DCF3B and DCF3C (ESI,
Figures S14-S16). With a full growth inhibition at 10 pg/ml DCF
3C proved to be the most potent material for this assay (DCF3C
> DCF3B > DCF3A). Our data suggest that the antibiofilm effect
of the three DCFs is at least partially due to their concentration-
dependent inhibition of bacterial growth. Such a feature has been
already observed among antibiofilm agents that often proceed
through bacterial killing[® 29 In general the MBECs
concentrations are equal or higher than the MICs, or BBICs, for all
the DCFs, except for DCF 3C. This result was not surprising as it
is clear from the literature that eradicating a pre-existing biofilm is
more difficult than inhibiting biofilm formation.

Next, we evaluated the antibiofilm properties of the best materials
using an in vitro biofilm model of chronic wound infection.? In
brief, biofilms were grown on an artificial dermis and the
antibiofilm properties of DCF 3A-3C were evaluated by CFU
(colony forming units) numbering (See S| Figure SI17).
Interestingly, DCF 3C was from far the most potent material with
this assay (DCF3C > DCF3B > DCF3A), a result in good
correlation with the growth inhibition experiments described
above.

To broaden the scope of this investigation, we also tested the best
DCFs against a relevant Gram-positive bacterium, S. aureus
(strain Mu50, Table 2).

Globally, the selected DCFs are slightly less active against S.
aureus than against P. aeruginosa, except for DCF3B that
displayed the best activities at similar concentrations for both
strains. Interestingly, the two functional modules 3A and 3B did
not show any antibiofilm activity (BBICso > 1 mM) whereas their
corresponding DCFs inhibited S. aureus biofilm formation. Even
more interesting was the fact that the BBICs, of DCF3A was lower
than its MICso suggesting an antibiofilm mechanism that is not due
to growth inhibition.

Hemolytic activities of the 3 best DCFs have been measured on
human red blood cells in the same concentration range than the
antibiofilm assays realized in our study. These experiments show
that DCF3A and DCF3B have no detectable hemolytic activities
(3 independent experiments on blood samples of 3 different
donors). DCF3C displayed only 2% hemolytic activity at the
highest tested concentration (0.5 mg.mL™), which is much higher
than the antibiofilm activity.

Conclusion

In this study, we generated a large number of Dynamic
Constitutional Frameworks (DCFs), thanks to an easy synthesis
method based on dynamic chemistry. The DCFs were tested
against two bacterial strains (P. aeruginosa PAO1 and S. aureus
Mu50) for their antibacterial, antibiofilm and biofilm disruption
effects.

The main findings of this study are:

1) The functional heads play a crucial role in DCF’s bioactivity
as antibacterial agents and biofilm disruptors. Positively
charged multivalent DCFs gave the best results. The nature of
the cation or polycation has a dramatic impact on the
antibiofilm activity.
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2) DCF3B gave the best antibiofilm activity for both P.
aeruginosa and S. aureus using the standard crystal violet
assay. Using a more advanced in vitro biofilm model of chronic
wound infection, DCF3C was found significantly superior than
the other DCFs.

3) Some of the functional heads did not display any or only
poor activity by themselves but their corresponding DCFs had
significant antibiofilm activity. These results showed that the
central core of the DCFs (DCFO0), although biologically inactive,
could play a key role, probably by properly displaying the
functional heads. This feature was particularly important for
DCF3C whose functional module 3C had neither antibiofilm
nor bacterial growth inhibition activities, which showed that the
DCF itself displayed the antibiofilm activity, and not its
subcomponents, even if released under acidic conditions.

4) The mode of action of the other cationic materials was
mainly bactericidal, although some of them displayed
antibiofilm activities at concentrations lower than those
required for growth inhibition. The latter feature is rare and
demonstrates that the specific structures of the best DCFs
could interact with the biofilm elements themselves and
prevented the biofilm growth.

Our study shows that dynamic combinatorial chemistry can
enable the quick identification of novel materials with highly
challenging biological properties such as biofilm inhibition growth
or mature biofilm disruption. Of course, further studies are still
required in view of the development of materials as commercially
available antibiofilm agents: For instance, the bioavailability and
the stability in biological media have still to be determined.

Such a discovery approach could also be extrapolated for the
identification and development of dynamic materials for other
important biomedical applications.
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