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A B S T R A C T

Biofilms are the most common lifestyle adopted by bacterial communities where cells live embedded in a self-
produced hydrated matrix. Although polysaccharides are considered essential for matrix architecture, their
possible functional roles are still rather unexplored. The primary structure of polysaccharides produced by
Klebsiella pneumoniae and species of the Burkholderia cepacia Complex revealed a composition rich in rhamnose.
The methyl group on carbon 6 of rhamnose units lowers the polymer hydrophilicity and can form low polarity
regions on the polysaccharide chains. These regions promote chain-chain interactions that contribute to the
biofilm matrix stability, but may also act as binding sites for low-polarity molecules, aiding their mobility
through the hydrated matrix. In particular, quorum sensing system components crucial for the biofilm life cycle
often display poor solubility in water. Therefore, cis-11-methyl-2-dodecenoic acid and L-homoserine-lactones
were investigated by NMR spectroscopy for their possible interaction with polysaccharides. In addition, the
macromolecular morphology of the polysaccharides was assessed using atomic force and electron microscopies
to define the role of Rha residues on the three-dimensional conformation of the polymer. NMR data revealed that
quorum sensing components interact with Rhamnose-rich polysaccharides, and the extent of interaction depends
on the specific primary structure of each polysaccharide.

1. Introduction

Nowadays, microbiologists consider the “biofilm community” the
most common way of life for bacteria [1–3]. This association of bacteria
embedded in a self-produced matrix may include bacteria from single or
multiple species. Biofilms (BF) offer several advantages to bacteria, such
as protection from various threats, accumulation of suitable nutrients,
and, due to cell proximity, biochemical synergy, as well as cell-cell
communication. The latter function is mediated by molecules of the
so-called “quorum sensing” system (QS), also known as autoinducers.

The QS system allows bacteria to collectively modify their behaviour in
response to changes in cell density and species composition of their close
surroundings [4].

The overall biofilm architecture is shaped by the presence of the
extracellular matrix [5,6], a complex system composed mainly of mac-
romolecules (polysaccharides (PS), proteins, and extra-cellular DNA)
which provides an entangled scaffold of gel-like appearance able to host
bacteria and low molecular mass chemical species. The precise archi-
tecture of the matrix is not known but, due to the compositional di-
versity of macromolecules produced by different bacteria, it is likely
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rather specific for each bacterial species. In fact, during our 20-year-long
study of the structure of exopolysaccharides (EPOL) produced by species
of the Burkholderia cepacia Complex, we found several different primary
structures related to distinct bacterial species [6–9].

We believe that a detailed investigation of the BF matrix structure-
function relationship could provide interesting hints for biofilm con-
trol, and possibly disruption, especially for those BFs produced by bac-
terial species associated with serious human infections, that are difficult
to eradicate and are often associated with antibiotic resistance. Among
these, species of the Burkholderia cepacia Complex and strains of Kleb-
siella pneumoniae are both involved in infections, particularly, but not
only, in the lungs of immune-compromised and cystic fibrosis patients
[11,12].

Recently, we determined the structure of the PS produced by
B. multivorans strain C1576 (hereafter named EPOL C1576), which is
characterized by a tetrasaccharide repeating unit composed of two
mannose and two rhamnose residues, with one rhamnose 50 % O-
methyl-substituted in position 3 (Scheme 1) [8]. This characteristic
attracted our attention since Rha residues, 6-deoxy-sugars, are less polar
than other more common sugars, like glucose. In addition, partial
methylation in position 3 contributes to the non-polar character of the
polymer. This feature is relevant because macromolecules forming the
biofilm, although surrounded by an aqueous environment, must be
insoluble in water in order to form stable contacts with each other and in
synergy with other macromolecular components, that constitute the
structural framework of the biofilm. It is also worth mentioning that low
molecular mass chemical species like signalling molecules belonging to
the QS system have low water solubility and might need assistance to
move through the biofilm space to reach target cells.

Our previous work demonstrated that EPOL C1576 is indeed able to
interact with fluorescent aromatic dyes, thus increasing their solubility
in water, as indicated by the increased fluorescence intensity of the
solution and by the broadening of NMR signals of the dye, due to a
decreased transverse relaxation rate associated with the interaction with
a high molecular mass polymeric species [13].

Besides the structural function in setting up the scaffold that includes
and protects bacterial cells, we hypothesise that the biofilm matrix
actively contributes to the biochemistry of the biofilm by interacting
with bioactive molecules. Here, we investigate the interactions of EPOL
C1576 with poorly water-soluble molecules of the quorum sensing

system to validate the diffusion-helper role of the polymer. Besides EPOL
C1576, we included two Rha-containing polysaccharides, whose pri-
mary structures have recently been investigated, showing a percentage
of Rha even larger than in EPOL C1576: the EPOL produced by
B. cenocepaciaH111 (a B. cepacia Complex reference strain) [10] and the
capsular polysaccharide (CPS) of Klebsiella pneumoniae strain Kp-B1 [14]
(Scheme 1). The morphologies of EPOL C1576 both in the solid state and
in solution have already been described using atomic force microscopy
(AFM) and transmission electron microscopy (TEM) [15,16], while the
morphologies of EPOL H111 and CPS KpB-1 are reported in this paper.

In particular, we focused on two types of autoinducers: cis-11-
methyl-2-dodecenoic acid, which belongs to the Diffusible Signal Factor
(DSF) family [17], and N-octanoyl-L-homoserine-lactone (AHL-8)
(Scheme 2). Autoinducers accumulate in the environment as bacterial
cell density increases, and their concentration is monitored by bacteria
to follow cell number changes and to alter gene expression altogether.
AHLs are the most common class of autoinducers in Gram-negative
bacteria: they have in common a homoserine-lactone ring N-acylated
with 4- to 18‑carbon acyl chains [4]. DSF autoinducers control virulence
and modulate the transitions between planktonic and biofilm-associated
lifestyles [18]. Moreover, DSF is responsible for inducing a dispersion
response of the native biofilm in several Gram-negative and Gram-
positive bacteria [19].

The comparison of the interaction properties of the three poly-
saccharides with the QS molecules might better define the role of Rha-
containing polysaccharides in these BF systems.

To investigate the influence of the length of the aliphatic tail on the
interaction with polysaccharides, two additional homoserine-lactone
derivatives have been tested: AHL-6 (with a shorter, six-carbon chain)
and AHL-12 (with a longer, twelve-carbon chain).

2. Experimental

2.1. Bacteria strains, production and purification of polysaccharides

Burkholderia multivorans strain C1576 (LMG 16660) is a reference
strain from the panel of Burkholderia cepacia Complex strains [20] and
was purchased from BCCM™bacteria collection (Dept. of Biochemistry
and Microbiology, Faculty of Sciences of Ghent University, Belgium).
The ΔbcsB/pBerA strain [21], a kind gift of Prof. Tim T. Nielsen

Scheme 1. Primary structures of the investigated polysaccharides repeating units. EPOL C1576 has 50 % of 2-Rha C3 substituted with a methyl group; EPOL H111-
SOL presents 50 % replacement of the 3-α-L-Rha with a α-3-α-L-Man.
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(Costerton Biofilm Center, Department of Immunology and Microbi-
ology, University of Copenhagen, DK-2200 Copenhagen, Denmark), was
derived from Burkholderia cenocepacia H111, a clinical isolate from a
cystic fibrosis patient [22], and was used for polysaccharide production.
Klebsiella pneumoniae KpB-1 belongs to the Sequence Type 12 and was
isolated from the pleural fluid of an inpatient admitted at an Italian
hospital [14]. The culture conditions for the production and purification
of polysaccharides from bacteria are described in the Supplementary
file. 1H NMR spectra of the obtained polysaccharides were recorded to
check their purity.

2.2. AFM experiments

AFM analysis was performed in tapping (non-contact) mode on
samples produced by the spray drying method. Diluted volumes (c.a.
100 μL) of PS solutions in different solvents or mixtures of solvents (5
μg/mL) were sprayed on mica substrate surfaces using a commercial
airbrush. Before the analysis, samples were dried for 12 h at STP
(Standard Temperature and Pressure conditions). AFM Images were
acquired on a Nanoscope IIIa VEECO Instrument using an HQ:NSC19/
AL_BS MikroMasch AFM tip and data were analysed using the Gwyddion
v2.50 software.

2.3. TEM experiments

Samples were dispersed on 200-mesh copper grids (Electron Micro-
scopy Sciences), previously prepared with a carbon layer, and stained
with uranyl acetate (saturated solution). For each sample, 4 μL of a 5 μg/
mL solution of the PS was deposited on an uncharged grid and dried
overnight. The following day, a drop of uranyl acetate solution (3 μL)
was deposited on the grid, incubated for 30 s, and dried with filter paper
from the edge of the grid. The staining procedure was repeated twice.
Grids were analysed on a Philips EM208 Transmission Electron Micro-
scope (TEM) operating at 100 kV and images were acquired on a Que-
mesa camera (EMSIS), using the RADIUS software.

2.4. NMR investigation of the interactions between polysaccharides and
Quorum Sensing molecules

A known amount of cis-11-methyl-2-dodecenoic acid (DSF) was
dissolved in CDCl3; a volume corresponding to 9.4 μmol (9.4•10− 6 mol
× 212.33 g•mol− 1= 0.002 g i.e. 2 mg) was transferred in a glass vial and
dried under nitrogen flux. The PS solution was prepared by dissolving an
amount of polymer corresponding to 0.4 μmol of PS repeating unit in
0.7 mL of 99.9 % D2O, followed by lyophilization. The procedure of re-
dissolving in 99.9 % D2O and lyophilizing the PS was repeated three
times to suppress the residual HOD signal. The PS solution was then
added to the dried DSF sample and left for 16 h at 25 ◦C, under stirring,
to allow molecular interactions and the consequent increase in DSF
solubilization. The sample was centrifuged at 14500 ×g for 10 min to
eliminate undissolved DSF, and transferred into an NMR tube. In addi-
tion to the above-described polysaccharides, dextran (BioChemika
Fluka, 670 KDa) was used as a negative control. Despite having α(1–6)
linkages that grant a highly flexible structure, this homopolysaccharide
was chosen because it is commercially available in different molecular
mass ranges, very water soluble, lacks charged groups as well as low-

polarity residues (e.g. rhamnose). Therefore, its highly polar character
is expected to hamper strong interactions with apolar molecules. NMR
spectra were recorded at 25 ◦C using a 500 MHz VARIAN spectrometer.
The same procedure was applied also for AHL-6, AHL-8, and AHL-12
molecules except that they were dissolved in CD3CD2OD. Spectra were
analysed using the MestreNova software.

3. Results and discussion

3.1. AFM and TEM investigation

The tendency of EPOL C1576 to assume a globular conformation was
already demonstrated by AFM both in solid state and in solution, and it
was observed that, upon increasing the polysaccharide concentration,
the globules form aggregates [15,16]. This behaviour was traced back to
intra- and inter-molecular non-polar interactions between pairs of
rhamnose residues along the polysaccharide backbone (Scheme 1). The
possible aggregation tendency of EPOL H111-SOL, which contains
stretches of up to seven Rha, was investigated by AFM. In this analysis,
the spray-drying technique was applied starting from solutions of the
polysaccharide in three different solvents, to elucidate the effect of
chemical environments with different polarity on the polymer
morphology. As reported previously in the case of EPOL C1576, the
aggregates observed by AFM on spray-dried samples are comparable to
those obtained using the AFM technique in solution [16]. Interestingly,
AFM images obtained from water solutions (Fig. 1A) show the occur-
rence of large linear aggregates, along with some isolated chains. These
aggregates might form through the association of chains stranded in an
elongated conformation along which “blobs” occur formed by either
inter- or intra-chain entanglements. In fact, the profiling of elongated
segments and blobs gives 0.42 nm and 1.5 nm values, respectively, and
these figures are compatible with the thickness of a polysaccharide chain
(0.42 nm) and chain entanglement (1.5 nm) [23,24].

AFM experiments carried out in 50 % water/methanol (Fig. 1B) and
pure methanol (Fig. 1C) solutions still show PS aggregation; in fact, a
mean value of 3.0 nm was recorded by profiling different objects
detected in the images. However, neither elongated aggregates, as in
Fig. 1A, nor a dispersion of single macromolecules were observed.
Evidently, the abundance of Rha residues in the EPOL H111-SOL pri-
mary structure and the lack of strong polar groups (such as the
carboxylate moieties present in CPS KpB-1) hamper the complete
breakage of apolar interactions, thus maintaining some PS aggregation.

TEM images (Fig. 1D) were obtained from samples dried by blotting
the microscope grid. This procedure was demonstrated to be equivalent
to a slow drying of the sample [16]. The images obtained from EPOL
H111-SOL did not evidence the presence of single macromolecules, but
rather the occurrence of elongated aggregates, further bundled together
side-by-side. Considering the differences between the AFM and TEM
sample preparations, these structures confirm the evidence obtained by
AFM for dry samples sprayed as water solutions onto a mica surface,
where extended linear objects were detected.

The AFM images recorded from CPS KpB-1 samples obtained by
spray-drying a water polysaccharide solution on a mica surface showed
large objects, suggesting the presence of aggregates of more spherical
objects of different sizes (Fig. 2A) with a profile evaluation yielding
vertical dimensions of the spheres spanning from 3.5 to 4.5 nm. Moving

Scheme 2. Structures of the investigated QS molecules.
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from water to water/methanol solutions, AFM images of spray-dried
samples show a decrease in the aggregation tendency (Fig. 2B). In
fact, besides a single larger aggregate, the majority of the sample pre-
sents a globular morphology and a small dimension indicative of the
folding of individual macromolecules into spherical objects (Fig. 2B).
Finally, AFM images of spray-dried methanol solutions of the poly-
saccharide show only small individual objects suggesting a low tendency
of the macromolecules to aggregate (Fig. 2C) but still maintaining a
spherical morphology with a mean diameter of 4.0 nm. Evidence points
to the conclusion that the low polarity of methanol hampers the for-
mation of chain-chain interactions by shielding the Rha residues. This
polymer also contains one galacturonic acid residue (GalA) per
repeating unit, conferring a negative charge to the polysaccharide
backbone, thus further disfavouring the formation of aggregates.

TEM micrographs (Fig. 2) confirm the ability of this polysaccharide
to form large aggregates of globular objects, probably constituted of
single polymer chains folded in a spherical morphology (Fig. 2D). In
addition, few isolated macromolecules can be detected (Fig. 2E) which,
however, tend to form dimers, thus confirming the aggregation ability of
the polymer.

In conclusion, AFM and TEM analyses confirm that all three poly-
saccharides investigated can form polymer aggregates due to the pres-
ence of low-polarity monosaccharides (Rha) along their primary
structure. AFM experiments in less polar solvent systems (water/

methanol or pure methanol), where polymer aggregates are partially or
totally disrupted by the hydrophobic interactions between the methyl
groups of rhamnose and methanol, confirm that the low polarity se-
quences do have a relevant role in aggregation.

3.2. Interaction of Quorum Sensing molecules with biofilm
polysaccharides

The QS molecules investigated in this research work do not have
chromophores which could be conveniently exploited by optical spec-
troscopies like UV–Vis, fluorescence, or circular dichroism, to study
their interaction with the polysaccharides. Chemical modifications of
their structures to introduce labels could result in interaction artefacts,
especially considering the low molecular mass of the QS molecules.
Therefore, to analyse the interaction of the QS molecules with poly-
saccharides, we resort to NMR spectroscopy, a technique already suc-
cessfully employed to study the interactions between EPOL C1576 and
aromatic dyes [13].

The increase in solubility of the QS species in water as a consequence
of their interaction with polysaccharides was measured. Polysaccharide
D2O solutions were added to a known amount of solid QS species and
allowed to interact overnight, before recording 1H NMR spectra. A set of
NMR signals assigned to protons of the QS molecules, and not super-
imposing with those of the polysaccharide, were selected to quantify the

Fig. 1. AFM images of Epol H111-SOL obtained after spray-drying from water (A), water/methanol (B) and methanol (C) solutions on mica surface, (D) TEM image
of Epol H111-SOL.
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amount of each QS molecule driven into solution by the presence of the
PS. These signals were integrated relative to the area of the anomeric
proton signals (H1) corresponding to one repeating unit of the PS. The
comparison of the area ratios with those evaluated using the reference

polysaccharide dextran allowed the detection of the increase in solubi-
lity of QS molecules in the aqueous phase. Dextran is a glucan with no
low-polarity rhamnose sequences and, therefore, is not able to interact
extensively with the QS species carrying them into the aqueous phase, as

Fig. 2. AFM images of CPS KpB-1 obtained after spray-drying from water (A), water/methanol (B) and methanol (C) solutions on mica surface. TEM micrographs of
CPS KpB-1. D) large aggregates, E) monomers and dimers.

Fig. 3. 1H NMR spectra of the investigated bacterial polysaccharides in the presence of the Diffusible Signal Factor (DSF). Enlargements of the -CH2- and -CH3
resonances are reported in the panels to the right.
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already observed in the case of aromatic dyes and DSF [13].
The NMR spectra obtained for EPOL C1576, EPOL H111, CPS KbB-1,

and dextran in the presence of DSF are reported in Fig. 3.
In the NMR spectrum of dextran (Fig. 3), the anomeric proton

resonance signal of glucose is easily detected at 5.0 ppm. On the DSF
side, the -CH2- and -CH3 protons resonances are recognised at 2.33 and
0.84 ppm, respectively. Since these signals do not overlap with PS
proton resonances, they can be conveniently exploited to evaluate the
relative concentration of DFS in water in the presence of different PS.
The quantification of the relative concentration of DSF in the aqueous
phase is evaluated by normalizing the integrated DSF signals to the
anomeric H1 resonances, to relate it to one repeating unit of each
polysaccharide.

The NMR spectrum obtained for DSF in the presence of EPOL C1576
is shown in Fig. 3. This spectrum is similar to that obtained in the
presence of dextran but for the increased complexity of the anomeric
resonances, reflecting the higher complexity of the EPOL C1576
repeating unit of four sugar residues (Scheme 1). Oligosaccharide
repeating units are the characteristic structural feature of each indi-
vidual PS (Scheme 1) and have different sizes for the polymers chosen
for this study. To take this aspect into account in the evaluation of the
DSF relative concentration in the aqueous phase in the presence of either
of the two polysaccharides, dextran was considered as composed of a
tetrasaccharide repeating unit of four identical Glc residues. A similar
approach was also used for the two remaining polysaccharides, EPOL
H111-SOL and CPS KpB-1. H111-SOL is described by an octasaccharide
repeating unit, which is the smallest sequence including all sugar resi-
dues. To compare the amount of DSF solubilized in the presence of EPOL
H111-SOL and CPS KpB-1, dextran was considered as composed of eight
and six Glc residues, respectively. The integration of NMR resonances for
the DSF-polysaccharide systems, together with their normalization to
the DSF-dextran system, is reported in Table 1. These results show that
the four PS contribute differently to the DSF solubilization. In particular,
the DSF solubility in water in the presence of the investigated poly-
saccharides follows the ranking:

Dextran < CPS KpB-1 < EPOL C1576 < EPOL H111-SOL
We interpret the DSF solubility increase as assisted by non-polar

interactions between the QS species and Rha-rich sequences of all
polysaccharides except dextran. NMR data confirm poor interactions of
DSF with dextran and, therefore, validate its use as a reference. In fact,
the amount of DSF molecules in the dextran solution is lower than that
present in the other PS solutions, as revealed by the peak integration
ratio between selected resonances of DSF and PS moieties. A low solu-
bility, slightly higher than the dextran reference, is observed when
K. pneumoniae KpB-1 CPS is present in the solution. Actually, this
polymer includes in its primary structure a galacturonic acid, whose
interaction with the negative charge of the DSF molecule is expected to
be repulsive, thus hampering a strong DSF-polymer interaction and,
consequently, a significant increase in DSF water solubility. The highest

solubility of DSF in D2O is obtained in the presence of EPOL H111-SOL.
In its repeating unit, this polymer contains up to seven Rha residues
(Scheme 1), allowing for strong non-polar interaction with the DSF
hydrophobic tail. EPOL C1576 contains only two Rha residues, sepa-
rated by a pair of Man residues. As expected, EPOL C1576 interacts less
strongly with DSF compared to EPOL H111-SOL, producing an increase
in its D2O solubility that is intermediate among the investigated poly-
mers. In conclusion, the DSF solubility ranking reported above is nicely
explained by considering the specificity of the primary structure of each
polysaccharide.

It is worth noticing that the NMR signal of the -CH2- (2.33 ppm) and
-CH3 (0.84 ppm) groups of the DSF molecule in the presence of the EPOL
C1576 is characterized by a peak enlargement with relative loss of res-
olution, an effect that was not detected in the DSF spectra in the pres-
ence of the other investigated polysaccharides. This behaviour suggests
that the interaction between the signal molecule and the polysaccharide
directly involves the methyl groups whose dynamics assume the typical
values of a large macromolecule.

A similar experiment performed using the QS molecule AHL-8 with
the same polysaccharides (EPOL C1576, EPOL H111-SOL, CPS KbB-1,
and dextran) yielded the spectra reported in Fig. 4 and the integration
values in Table 2. The AHL-8 solubility was evaluated considering only
the -CH3 AHL signal at 0.84 ppm because it does not overlap with res-
onances attributed to the investigated PS. Considering signal integration
and normalization, the ranking of AHL-8 water solubility in the presence
of polysaccharides is:

Dextran < CPS KpB-1 < EPOL C1576 < EPOL H111
The AHL-8 solubility ranking is in line with the data obtained for

DSF, confirming that the conclusions previously drawn hold for both QS
molecules. The correlation between the solubility of the DSF and AHL-8
and the different structures of the three polysaccharides suggests an
interesting active role of the Rha residues in biofilm biochemistry.

To elucidate the influence of the aliphatic tails of AHL molecules,
NMR experiments were carried out using AHL-6 and AHL-12, revealing
that the length of the AHL aliphatic chain plays a role in the interaction
of the small molecule with the polysaccharide. Although AHL-6 is more
soluble in water than AHL-8, the presence of Rha-containing poly-
saccharides further increases its solubility, as demonstrated by the
comparison with the dextran-containing system. As in the previous
cases, the ranking of polysaccharides increasing the solubility of AHL-6
follows the same order:

Dextran < CPS KpB-1 < EPOL C1576 < EPOL H111-SOL
However, when AHL-12 was tested, flocculation was observed only

in the solution of the Rha-containing polysaccharides, indicating a large
extent of aggregation between the polymers and AHL-12. Although the
flocculation prevented NMR analysis of the interaction, the macroscopic
behaviour of the system indicates the presence of an extended network
of inter-crossed AHL-12 and polysaccharide molecules.

Table 1
Quantification of DSF solubilization induced by the presence of the investigated polysaccharides, through integration of selected 1H resonances.

Polysaccharide Anomerica

protons
-CH2-b (2.33 ppm) -CH3

c (0.84 ppm) -CH2- PS/ -CH2- Dextrand -CH3 PS/ -CH3 Dextrane

EPOL C1576 4 3.46 12.85 3.46 3.85
DEXTRAN 4 1.00 3.34
EPOL H111-SOL 8 14.25 37.54 5.94 5.63
DEXTRAN 8 2.40 6.67
CPS KpB-1 6 2.32 7.91 1.52 1.58
DEXTRAN 6 1.53 5.00

a Number of anomeric protons in the polysaccharide repeating unit. For comparison with dextran, the same number of anomeric protons were used.
b,c Area integration values (with respect to the anomeric protons).
d Area ratio of -CH2- resonance in each PS solution with respect to dextran.
d,e Area ratio of -CH3 resonance in each PS solution with respect to dextran.
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4. Conclusions

Details on the possible roles of macromolecules composing biofilm
matrices are not fully known. It is quite obvious that proteins may have
roles as transport agents and enzymes and that extracellular DNA could
contribute to horizontal gene transfer. However, polysaccharides are

generally considered a purely structural component, contributing only
to the setup of the water-swollen gel-like consistency of the biofilm and
to maintaining bacterial cells in the biofilm domain. Nevertheless, the
whole biofilm might be considered a “super-organism” where all its
components have an active biological role, including the matrix and its
constituents. In particular, it is worthmentioning that QSmolecules, like

Fig. 4. 1H NMR spectra of the investigated bacterial polysaccharides in the presence of the AHL-8.

Table 2
Quantification of AHL-6 and AHL-8 solubilization induced by the presence of the investigated polysaccharides, through integration of selected 1H resonances.

AHL-6 AHL-8

Polysaccharide Anomerica protons -CH3
b (0.84 ppm) -CH3 PS/ -CH3 Dextranc -CH3

d (0.84 ppm) -CH3 PS/ -CH3 Dextrane

EPOL C1576 4 216.06 6.07 5.32 6.82
DEXTRAN 4 35.59 0.78
EPOL H111-SOL 8 1102.97 15.49 58.59 37.32
DEXTRAN 8 71.19 1.57
CPS KpB-1 6 111.63 2.09 2.28 1.95
DEXTRAN 6 53.39 1.17

a Number of anomeric protons in the polysaccharide repeating unit. For comparison with dextran, the same number of anomeric protons were used.
b Area integration values of -CH3 AHL-6 resonance (with respect to the anomeric protons).
c Area ratio of -CH3 AHL-6 resonance in each PS solution with respect to dextran.
d Area integration values of -CH3 AHL-8 resonance (with respect to the anomeric protons).
e Area ratio of -CH3 AHL-8 resonance in each PS solution with respect to dextran.
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DSF and AHL included in the present study, are generally rather water-
insoluble and, therefore, not particularly prone to move freely through
the biofilm domain. Hence, they require assistance from biofilm com-
ponents in their movement toward their targets.

During our investigation on the structure of polysaccharides pro-
duced by members of the B. cepacia Complex and K. pneumoniae species,
we unravelled their Rha-rich primary structure. Since these monomers
are less polar compared to common sugars of natural polysaccharides,
we assumed that QS factors could loosely interact with the low-polarity
Rha-sequences, thus travelling through the biofilm by moving along the
polysaccharide backbone and/or exploiting the interconnected poly-
saccharide network spanning the whole biofilm, to jump between
chains. The assumption is experimentally supported by the microscopy
studies carried out on these polysaccharides. In fact, AFM and TEM
experiments revealed that the polysaccharides aggregate in water so-
lution indicating their preference for self-interacting over the possibility
of extensive water solvation. These findings suggest that besides polar
interactions, hydrophobic interactions involving polysaccharides may
be established if they contain low-polarity sugar sequences, thus
contributing to the architecture of the biofilm matrix.

The NMR data obtained in the present study nicely proved this
assumption, suggesting a previously unknown active biological role of
the polysaccharides composing biofilm matrices. In this kind of inves-
tigation, the diversity of polysaccharide chemical composition among
bacteria is rooted in the optimal biofilm environment of each species and
strongly connected to specific biological functions of the matrix.

The present study is based on purified PS from bacterial biofilms
obtained in vitro, while in vivo matrices are a complex entanglement of
different types of macromolecules interacting with each other and with
the environment. The QS-PS interaction studied by NMR spectroscopy is
far from the situation in vivo, but any new information about the com-
ponents of the biofilm matrix contributes to a better understanding of
their role and can thus lead to the development of new strategies to fight
bacterial infections. The great variability of polysaccharides produced
by different bacterial species, characterized by different primary struc-
tures and conformations, does not allow a generalization of their bio-
logical activities in biofilms. To better understand the biological role of
polysaccharides in the biofilm matrix, specific studies for each bacterial
species are required.
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