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Abstract
Biofilms are microbial communities that are characterized by the presence of a viscoelastic
extracellular polymeric substance (EPS). Studies have shown that polysaccharides, along with
proteins and DNA, are a major constituent of the EPS, and play a dominant role in mediating its
microstructure and rheological properties. Here, we investigate the possibility of entanglements
and associative complexes in solutions of extracellular polysaccharide intercellular adhesin (PIA)
extracted from Staphylococcus epidermidis biofilms. We report that the weight average molar
mass and radius of gyration of PIA isolates are 2.01 × 105 ± 1200 g/mol and 29.2 ± 1.2 nm
respectively. The coil overlap concentration, c*, was thus determined to be (32 ± 4) × 10−4 g/mL.
Measurements of the in situ concentration of PIA (cPIA,Biofilm) was found to be (10 ± 2) × 10−4 g/
mL. Thus, cPIA,Biofilm < c* and the amount of PIA in the biofilm is too low to cause polymer chain
entanglements. In the pH range 3.0 to 5.5, PIA was found to both self-associate and to form
complexes with bovine serum albumin (BSA). By static light scattering, both self-association and
complex formation with 0.5 %(w/v) BSA were found to occur at PIA concentrations of 0.30 ×
10−4 g/mL and greater, which is about 30 times lower than the measured cPIA,Biofilm. These results
suggest that the microscopic origin of EPS viscoelasticity is unlikely to be due to polysaccharide
entanglements. Furthermore, the onset of self-association and protein complexation of PIA occurs
at concentrations far lower than the native PIA concentration in biofilms. This finding therefore
suggests a critical role for those two association mechanisms in mediating biofilm viscoelasticity.
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INTRODUCTION
Biofilms are surface adherent aggregates of microorganisms encased within a secreted
matrix of extracellular polymeric substance (EPS) 1. The EPS accounts for about 80% of the
biofilm dry mass and thus plays a major role in mediating both the morphology and
rheology of biofilms 2. The EPS is a heterogeneous hydrogel composed predominantly of
polysaccharides, proteins and DNA, all of which are contained in the extracellular volume of
the biofilm 2–4. Mechanical properties such as viscoelasticity and cohesiveness of the EPS
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are thus dependent on the physicochemical properties of the biofilm polysaccharides, such
as their molecular weight, radius of gyration, local concentration within the biofilm and their
interaction with other EPS constituents 2,4,5. In this article, we characterize these properties
for the case of biofilms formed by Staphylococcus epidermidis, an opportunistic pathogen
associated with nosocomial blood stream infections 1. The mechanical stability and the
three-dimensional microstructure of the S. epidermidis EPS is strongly dependent on a self-
produced extracellular polysaccharide called polysaccharide intercellular adhesion
(PIA) 1,4,6–8. While the biochemistry (Figure 1a) and genomic origin of PIA have been well
characterized 9, very little has been investigated about the polymeric properties of PIA.

S. epidermidis biofilms are viscoelastic in nature 10,11. Following 4,5,12,13, PIA chains in the
extracellular volume could in theory contribute to biofilm viscoelasticity by one of two
mechanisms. In the first, which assumes no specific inter-chain interactions, a high number
density of PIA chains produced in situ leads to physical entanglements 2,5. These
entanglements induce viscoelasticity in the biofilm matrix (Figure 1b). In the second,
associative interactions of PIA with itself and/or other EPS macromolecules such as proteins
lead to supra-molecular structures that result in a viscoelastic hydrogel 2,5 (Figure 1c). Since
PIA dominates the EPS microstructure in most strains of this species 4, the purpose of this
paper is to establish which physical model is most consistent with the measured molar mass
of PIA, local concentration of PIA within S. epidermidis biofilms, and its scattering
behavior in presence of proteins.

Simple mechanical characterization of bulk biofilm 11,14 is insufficient to distinguish
between a material composed of an entangled network of polysaccharide chains and an
assembly of strands held together by inter-chain attractions. Rather, what is needed is a
determination of the local concentration of polymer within the biofilm (cPIA,Biofilm) relative
to its coil-overlap concentration (c*, the concentration at which neighboring PIA molecules
interpenetrate) and its critical association concentration (ccritical, the concentration above
which PIA engages in associative interactions with itself or other EPS macromolecules such
as proteins). This paper reports measurements that allow characterization of these three
quantities. Consequently, the comparative role of entanglements and associations in PIA is
established.

A biofilm in which the extracellular PIA concentration, cPIA,Biofilm, is much greater than the
overlap concentration, c*, would acquire viscoelasticity through entanglements of PIA

chains (Figure 1b). Here c* is the overlap concentration, , where Mw and rg are
the weight average molar mass and average radius of gyration of the polymer
respectively 15. Polysaccharide entanglements in biofilm EPS have been invoked as
discussions in the literature 5,16–19; however, little experimental evidence supports their
existence.

Likewise, a bacterial community in which cPIA,Biofilm ≥ ccritical could be viscoelastic due to
PIA self-association or inter-molecular complexation with extracellular proteins. These
phenomena are driven by hydrogen bond, hydrophobic and/or ion-pair interactions (self-
association) 20–22 or electrostatic interactions between oppositely charged groups on two
different polymers (complex formation) 23 (Figure 1c). While polysaccharide-protein
complexes have been commonly discussed as prevalent within the EPS 4,12, experimental
verification is very limited in the biofilm literature.

The null case in which cPIA,Biofilm is both below the overlap concentration c* and the critical
association concentrations ccritical is unlikely because it is inconsistent with the known
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viscoelasticity of the biofilm EPS. A fourth possibility, in which cPIA,Biofilm is greater than
both c* and ccritical, is also a potential case.

The aim of this study is thus to measure cPIA,Biofilm/c* and cPIA,Biofilm/ccritical of PIA from
S. epidermidis biofilms. We use multi-angle laser light scattering (MA-LLS) and size
exclusion chromatography (SEC) to quantify Mw, rg and c* for PIA recovered from batch
cultures. Measurements of extracellular PIA concentration, cPIA,Biofilm, were made by
quantifying the polymer concentration per biofilm bacteria and bacteria number density in
situ by biochemical and confocal microscopy methods, respectively. Using pH induced
turbidity and low-angle light scattering (LLS) we identify ccritical for PIA self-association
and complex formation with bovine serum albumin (BSA), representative of one of the most
common host proteins likely to be found in any medically important biofilm. We find that
the measured cPIA,Biofilm is inconsistent with the formation of polymer chain entanglements
but that PIA exhibits signatures of both self-association and complexation at acidic pH. The
study therefore suggests that EPS viscoelasticity is generated primarily through associative
interactions of EPS macromolecules rather than through polysaccharide entanglements.

EXPERIMENTAL SECTION
Culture conditions and bacterial strains

S. epidermidis RP62A (ATCC, catalog no. 35984) cultures were grown for 24 h at 37°C in
tryptic soy broth media containing 1% (w/v) filtered glucose with a moderate shaking of 60
rpm (Forma Incubated Shaker, Thermo Scientific) 24.

Recovery of PIA isolate from batch cultures
Recovery of crude PIA was similar to 25 except that isolation was performed in 0.1M
NaNO3, the mobile phase for SEC. Flask-adherent biofilm was collected by centrifugation
(5000 g, 20 min, 4°C), re-suspended, and then sonicated in an ice bath to release the PIA and
other extracellular material from cell surfaces (16–19W, 4×30 s cycles, Sonic Dismembrator
Model 60, Fisher Scientific). After removing insoluble material (such as cell debris) and
further clarification (12000 g, 10 min), the crude extract rich in PIA was filter sterilized and
concentrated using Amicon Ultra-15, centrifugal filter with 10 kDa cut off membrane
(Millipore).

Lectin affinity chromatography to obtain high purity PIA
A multi-component elution pattern was observed for crude PIA isolated by sonication
(Figure 2a, inset). The SEC trace of the crude isolate shows three peaks. Eluent fractions
containing amino sugars were identified using a dot blot technique 25 and the Smith-
Gilkerson assay for hexosamines 26. Eluent fractions corresponding to Peaks 1 and 3 (Figure
2a, inset) showed no GlcNAc content in either assay. Peak 3 was removed using Amicon
Ultra-15 filter with a 30 kDa cut off membrane (Millipore). Figure 2a shows that amino
sugars are present only in Peak 2, as detected by the colorimetric assay. Peak 1 is a molecule
of very high molecular weight (≥ 106 Da). From the concentration detector signal (blue), this
material contributes little to the total mass due to its low concentration. To remove Peak 1,
concentrated crude isolates were passed over an agarose bound wheat-germ agglutinin lectin
(known to have specific affinity towards N-acetylglucosamine, GlcNAc) bead column
(Vector Labs, CA) equilibrated in 20mM Tris-HCl, 0.15M NaCl binding buffer. In this way,
we ensure that any contaminants in the crude extract are discarded by means of the flow
through from the lectin bead column. Following washing, lectin-bound PIA was eluted using
0.5M GlcNAc in 20mM Tris-HCl, 0.5M NaCl (pH 3.0, AcOH) and washed and
concentrated in 0.1M NaNO3 or 0.02μm filtered HPLC Grade water (Fisher Scientific)
using Amicon centrifugal filters with 3 kDa cut off membrane (Millipore). Figure 2b shows
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the elution profile of the isolated Peak 2, in which the glucosamine fraction of the isolate is
localized. All further plots report data for PIA purified using this protocol. Experiments
were performed within a day of sample preparation to avoid any effects due to solvent
incompatibility 25.

Size exclusion chromatography (SEC) – Multi-angle laser light scattering (MA-LLS) for Mw
and rg measurement

Waters Ultrahydrogel 2000 and 250 size exclusion columns (Waters Corp., Milford, MA)
connected in series were continuously washed at 0.45mL/min with a standard aqueous
mobile phase of 0.1M NaNO3, 0.05 %(w/v) NaN3. The column outlet was connected to a
MALLS detector (DAWN EOS, GaAs laser at 690nm, Wyatt Technology, Santa Barbara,
CA) and a concentration detector (Optilab DSP refractometric interferometer (RI) detector,
Wyatt Technology, Santa Barbara, CA). The light scattering due to the eluting polymers was
analyzed according to the Zimm model to calculate the molar mass distribution 27. Static
light scattering was performed on unfractionated PIA samples of different concentrations at
neutral pH using the DAWN EOS. The time averaged angle dependent scattering intensities
were then analyzed using the Zimm plot to obtain the z-average rg 27. Analysis of light
scattering data was done using Wyatt’s ASTRA software. Following 28,29, the refractive
index increment (dn/dc) was taken as 0.162 mLg−1.

Low Angle Light Scattering (LLS)
Static light scattering was performed with a light scattering goniometer equipped with dual
detectors (ALV-GmBH Langen Germany). The light source was a Coherent Innova 70-C
laser (Coherent Inc., Santa Clara, CA) operating at 488 nm. Intensity of scattered light was
measured in the range 35° < θ < 140° and extrapolated to the low angle limit as per Zimm
theory 27.

Measuring number density of bacterial cells within a biofilm
S. epidermidis biofilms were grown in Stovall Life Sciences 3-channel flow cells (24 h,
37°C) at constant shear stress (0.01 Pa) in the same media as above. Biofilm cells stained
with Syto9 (Invitrogen) were imaged between the adhesion surface and a height of 12 μm
using a Leica TCS SP2 confocal laser scanning microscopy (CLSM) with 100x, 1.4
numerical aperture (N.A) oil immersion objective lens. Biofilm beyond that height was not
imaged because 12 μm is the maximum working distance (in water) of the high numerical
aperture (NA) objective used for microscopy. High NA microscopy was necessary so as to
image at a resolution that could uniquely identify individual cells for the cellular density
characterization. The excitation wavelength was 488 nm. Image processing was performed
on the acquired images to identify bacterial centroids as described previously 30,31. Number
density was computed as the number of cells identified within the total image volume (ncell
units: cells/μm3). Figure 3b shows a confocal image acquired within the biofilm, in a plane
parallel to the bottom shear surface of the flow cell. Figure 3c is a 3-D reconstruction of the
total image volume with the 3-D location of the bacterial cells.

Measuring PIA concentration per biofilm cell (nPIA)
Surface attached PIA from S. epidermidis cells was released by incubating cells for 5 min at
100°C in a solution of 0.5M EDTA, pH 8.0 (final volume, 1:50 culture volume) 32. PIA rich
supernatant was collected by centrifugation (9000 g, 5min 4°C) and the cell pellet (devoid of
PIA) was re-dispersed in PBS. Bacterial cell density was measured using a haemocytometer
(Fisher Scientific). The Smith-Gilkerson colorimetric assay for amino sugars 26 was
performed on the PIA rich supernatant to obtain the molar concentration of PIA using the
knowledge of its Mw (as reported in results). After accounting for dilutions and initial
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volume, the ratio of PIA concentration to cell density, yielded the number of molecules of
PIA per biofilm bacteria (nPIA). A schematic of this procedure is given in Figure 3a.

Average extracellular concentration, cPIA,Biofilm, of PIA
This concentration cPIA,Biofilm is the average number of PIA molecules (nPIA) within the
average extracellular volume (VPIA) associated with each biofilm bacterium. That is,
cPIA,Biofilm = nPIA/VPIA. VPIA is the reciprocal of the local number density of biofilm
bacteria (ncell cells/μm3 as from the CLSM measurement) less the cellular volume of the
bacteria, Vbacteria. Thus, VPIA = Vtotal − Vcell = (1/ncell) − {(4π/3)rbacteria 3}. From the
CLSM measurements, we found rbacteria = 0.32 ± 0.01 μm. This procedure is shown in
Figures 3 c,d. The CLSM value of bacterial cell radius was consistent with independent
characterizations performed by scanning electron microscopy and multi-angle dynamic light
scattering.

Preparation of PIA – BSA solutions
We identify if PIA can form complexes with proteins, which is a normal constituent of the
biofilm EPS 2. Bovine serum albumin (Sigma Aldrich) was used as a model protein for this
test. PIA-BSA solutions were prepared by mixing different amounts of PIA with the same
initial mass concentration of BSA (0.5 %(w/v)) in 0.02μm filtered HPLC Grade water
(Fisher Scientific)) to obtain a series of solutions containing different PIA contents (cPIA:
0.30 × 10−4 − 14 × 10−4 g/mL) 33. Samples were rolled on a Wheaton Mini Bench Top
Roller (WHEATON, Millville, NJ) at 10 RPM for 30 min prior to analysis.

Effect of pH on PIA and PIA-BSA solutions
To select the pH for self-association measurements of PIA, the effect of pH on the scattering
intensity at 90° (Iθ=90) for dilute solutions of PIA at cPIA = 6.40 × 10−4 g/mL was measured
and is shown in Figure 4. The increase in Iθ=90 at pH < 7.5 indicates an increase in size of
the scattering specimen, thereby suggesting self-association 20,34. Figure 4 show that self-
association occ urs in the range 3.0 < pH < 5.5.

To select the pH for protein-induced association of PIA, the effect of pH on absorbance of
PIA-BSA solutions containing 0.5 %(w/v) BSA and cPIA = 6.40 × 10−4 g/mL was measured
at 600 nm in 1 cm path length plastic cuvettes (GENESYS 20, Thermo-Scientific UV
Visible Spectrophotometer) (Figure 5) 33. Formation of insoluble complexes is characterized
by an increase in the absorbance of the specimen 33. From Figure 5, the range 3.5 ≤ pH ≤ 5
favors PIA-BSA complexation. The onset of complex formation occurs at pHc 5.0 and
reaches a maximum at pHc,max 4.5. Thus, to identify critical association concentration,
ccritical, LLS were done for PIA and PIA-BSA solutions at pH 4.9 and 7.5 and cPIA ≤
cPIA,Biofilm. Scattering experiments were not done at pHc,max to avoid multiple scattering
from highly turbid samples.

RESULTS AND DISCUSSION
Molecular Weight Distribution

The angular distribution of light scattering, as reported in the chromatograms in Figure 2b,
was analyzed to obtain the molar mass distribution of PIA (Figure 6a). The weight average
molar mass, Mw, was found to be 2.01 × 105 ± 1200 g/mol and the number average molar
mass, Mn, was 7.14 × 104 ± 2500 g/mol. The polydispersity of the S. epidermidis PIA was
thus 2.8 ± 0.1. These results have been averaged over 20 samples purified from separate
batch cultures. The accuracy of our result is supported by additional analysis of the isolation
and purification process that suggests minimal systematic error due to (i) mechanical
damage to the polymer during sonication; (ii) loss to centrifugal filters at each stage 35.
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Separately, it was found that environmental conditions such as osmotic stress (due to growth
media supplemented with 136–770mM NaCl 36) affected PIA yield; however, this change
did not significantly affect the measured molar mass distribution of PIA.

The measured value of PIA molar mass is in good agreement with the report of Irina et
al.,24. While most of the earlier reported values of PIA molar mass are around 30–80
kDa 37,38 (Figure 6 a), our protocol has resulted in the isolation of a sizeable fraction of
higher molar mass molecules (> 105 Da) as well. We attribute this to our purification
protocol, which does not include harsh treatments such as ethanol precipitation, repeated
dialysis and filtration or freeze drying as commonly carried out in extracting biofilm
polysaccharides 39,40. These treatment steps could potentially result in considerable sample
loss due to precipitation upon frequent solvent changes. The polydispersity indicates that the
biofilm EPS contains PIA chains with a distribution of chain lengths. Incubation of crude
isolates with Proteinase-K and DNAse I 40, prior to affinity chromatography did not affect
our final results.

Radius of Gyration, rg, and overlap concentration, c*, of PIA
Static light scattering of unfractionated PIA of different concentrations (1 × 10−4–15 × 10−4

g/mL) yielded a Zimm plot as shown in Figure 6b. We repeated this experiment four times,
and the measured z-average rg was 29.2 ± 1.2 nm. The Mw obtained from the Zimm plot
showed a 6.3 ± 0.1 % deviation from that obtained from Figure 6a. This deviation suggests
minimal mechanical degradation of the PIA chains within the SEC columns. The second
virial coefficient was found to be A2 = (− 3.4 ± 0.3) × 10−4 mol mL/g2. The negative A2
indicates poor solvent quality for PIA. Indeed, it was found that PIA precipitated out of
aqueous solution at higher concentrations, a phenomena also observed by Irina et al 24.
Thus, experiments were carried out within a day or two of sample preparation to prevent any
solvent induced changes in polymer conformation. The leading part of the chromatogram
from Figure 2b was analyzed to extract a plot of rg vs. Mw (Figure 6c). This plot shows a
scaling of rg = 0.01Mw 0.60±0.01 nm. The power law exponent is consistent with the behavior
of a flexible chain 15. From the molar mass and radius of gyration, we calculated the coil

overlap concentration  to be equal to (32 ± 4) × 10−4 g/mL.

Average cPIA,Biofilm of PIA in S. epidermidis biofilms
The values of cell number density (ncell), Vtotal, VPIA and nPIA are shown in Table 1. At the
growth conditions studied, the cell number density within the biofilm was found to be 0.19 ±
0.03 cells/μm3. Thus, there is an average of one cell found in a volume of Vtotal= 5.26 ±
0.83 μm3 within the biofilm. Because Vbacteria= 0.14 ± 0.01 μm3, VPIA = 5.12 ± 0.83 μm3/
cell. The number of PIA molecules per cell (nPIA) was found to be 1.56 ± 0.2 × 104

molecules/cell. The ratio of nPIA and VPIA, is the extracellular concentration, cPIA,biofilm (in
molecules/μm3), of PIA within the biofilm. Thus, using the value of Mw, cPIA,biofilm = (10 ±
2) × 10−4 g/mL and the extracellular cPIA,biofilm/c* of PIA for S. epidermidis EPS is 0.31 ±
0.07.

The important result cPIA,Biofilm/c* < 1 shows that the extracellular concentration of PIA
produced within the S. epidermidis biofilm is in the non-entangled, dilute regime. We
remark that the measurement of the PIA cPIA,Biofilm/c* is an average over the entire biofilm,
because the measurements nPIA and Vtotal are themselves taken over the whole cultured
biofilm. The measurement thus averages over any spatial fluctuations in local cPIA,Biofilm/c*
within the biofilm. The measurement of cPIA,Biofilm accounts for the excluded volume of
cells within the biofilm, and is an accurate measure of the in situ PIA concentration for that
reason.
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Polysaccharide entanglements in biofilm matrices have been thought to occur when the
polymer molar mass exceeds a value of 105 Da 16,19. Constitutive models for biofilm
mechanics have also been developed under this assumption 19. Here, we have systematically
shown that the molar mass of PIA is well above 105 Da; however, even given this high
molar mass, the biofilm PIA concentration in situ is as such too low to support significant
entanglement. Thus, the role of physical entanglements in determining EPS viscosity and
viscoelasticity is small.

Associative interactions of PIA
Associative interactions of PIA could be facilitated by its polyelectrolyte chemistry (Figure
1a). Within the biofilm, these interactions could be induced by self-association and/or
complex formation with extracellular protein 5. We address each case in the following
sections. To identify ccritical for these two kinds of associative phenomenon, the scattering
intensity at zero angle (Iθ=0) versus cPIA for both PIA and PIA-BSA solutions at pH 4.9 and
pH 7.5 was measured.

ccritical for self-association of PIA—Figure 7 shows significant differences between
concentration dependent scattering of PIA at pH 4.9 and 7.5. The difference in scattering
intensity is about three orders of magnitude, an indication of microstructural differences in
the solutions at these two values of pH. For comparison, the expected scattering of single
molecules of PIA is plotted on Figure 7. The curve plotted is based on the measured Mw, rg
and A2 of PIA, and the Zimm scattering theory 27. The good agreement between the
experimental Iθ=0 at pH 7.5 for PIA, and the theoretical scattering behavior for single PIA
molecules, indicates that scattering at pH 7.5 is inconsistent with self-association behavior.

On the other hand, at pH 4.9, the scattering intensity is at least 103 times greater than that at
pH 7.5 for all cPIA values studied. This large change in scattering intensity is consistent with
self-association at acidic pH 20,34. The increase in Iθ=0 at pH 4.5 indicates an increase in
both the effective (i.e. associative) molar mass and the size of the scattering specimen 20.
Because the large increase in Iθ=0 was observed at all PIA concentrations studied, for 0.30 ×
10−4 g/mL and greater, we conclude that any critical association concentration, ccritical, must
be less than 0.30 × 10−4 g/mL. Consequently, because cPIA,Biofilm = (10 ± 2) × 10−4 g/mL,
the concentration of PIA in the native biofilm is at least 30 times greater than this upper
bound on the critical association concentration. This result provides evidence that one of the
mechanisms contributing to the EPS microstructure in S. epidermidis biofilm is PIA self-
association.

While the self-association reported here is the first report of this kind for PIA, the observed
behavior is consistent with literature results for a structurally similar polysaccharide,
chitosan. Chitosan is a β-1,4 isomer of PIA. At similar degrees of acetylation, chitosan was
also found to exist as self-aggregates in dilute solutions at acidic pH 41,42.

ccritical for PIA-BSA complexation—From Figure 7, we find that the scattering
behavior of PIA is significantly modified in the presence of BSA. At pH 7.5, the
concentration dependent scattering of PIA-BSA solutions is about 102 times higher than PIA
solutions at the same pH. Here the amount of BSA added to each PIA solution is 0.5 %(w/
v). Aqueous solutions of BSA at this concentration were found to scatter negligibly relative
to all the curves plotted in Figure 7. Thus, the increase in Iθ=0 for PIA-BSA at pH 7.5 is
consistent with the formation of a complex comprising of PIA and BSA that is considerably
larger in molar mass than either PIA or BSA. The moderate scattering of the PIA-BSA
solution at this pH suggests that the size of the complexes is relatively smaller than the self-
associated complexes observed at pH 4.9.
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On the other hand, at pH 4.9, Iθ=0 of PIA-BSA and PIA solutions are comparable. This
congruence shows that the incremental effect of PIA-BSA complex formation on scattering
at pH 4.9 is small relative to the dominant effect of PIA self-association. Thus, the higher
turbidity in PIA-BSA solutions at low pH is due to a combination of both self-association of
PIA and complexation with BSA, with a dominant role for the former mechanism. On the
other hand, at pH 7.5, complex formation with BSA is the only significant mechanism for
PIA driven association. Finally, at both pH values studied, the scattering enhancement
linked to association was observed at all concentrations studied (cPIA > 0.30×10−4 g/mL).
Thus, just as for the case of self-association, we can assign the lower bound of cPIA,Biofilm/
ccritical to be 30. Consequently, in addition to PIA-self association, the mechanism of PIA-
protein complexation could be significant in biofilm EPS. This complexation occurs at both
acidic and neutral pH. Its observation here for PIA is consistent with literature results for
other polysaccharide-protein systems, including chitosan-BSA/lactoglobulin 33,43,
carrageenan-bovine casein 44 and acacia gum-lactoglobulin 45. Moreover, the functional
groups present in PIA chemistry (Figure 1a) are sufficient to support the hydrogen bond,
hydrophobic and/or electrostatic interactions that are typical in associating systems 23,43.
Finally, the presence of multivalent crosslinking ions could also impact the complexation
behavior, analogous to behavior seen in other associating systems such as pectins and
alginates46.

CONCLUSIONS
In this study, we measured and compared the average concentrations of PIA in situ for S.
epidermidis biofilms (cPIA,Biofilm) to independent measurements of the PIA overlap
concentration (c*) and critical association concentration (ccritical) for self-association and
complexation with proteins. The comparison required measurement of the molar mass and
radius of gyration of high purity PIA, as synthesized by S. epidermidis. We identified that
PIA exhibited pH dependent self-association and complex formation with BSA. While the
particular associative behavior of PIA reported here has not been previously discussed, our
results are consistent with literature reports for structurally similar polysaccharide systems.
Furthermore, it was found that cPIA,Biofilm/c* = 0.31 ± 0.07 whereas the lower bound on
cPIA,Biofilm/ccritical = 30. Comparison of these two quantities indicates that the viscoelasticity
of S. epidermidis biofilm EPS is generated predominantly by associative mechanisms of PIA
(Figure 1c), rather than by physical entanglements of the polysaccharide (Figure 1b).

These results suggest the following future directions to better understand the implications of
polymer associations in biofilms. First, our findings provide motivation to pursue further
studies in which the role of polysaccharide driven association and complexation on biofilm
EPS properties is established. For example, results on effects of inorganic multivalent ions,
pH, and electric fields on biofilm physical properties such as cohesion and viscosity might
be fruitfully explained in the context of these effects 47,48,49. Second, the presence of pH
gradients in situ biofilms 50,51 and the pH dependent association of PIA observed in this
study together suggest that the EPS microstructure could progressively vary between the
interior and exterior regions of the biofilm. This relationship should be examined further
because the spatial variation in microstructure could affect the local transport 52 and
mechanical properties of biofilms. Third, this paper’s evidence of self-association in PIA
strongly motivates the use of rheological models developed for associating polymers to
characterize biofilm viscoelasticity 53,54, rather than the competing possibility of
entanglement modeling. These associating polymer models could be parameterized by, for
example, studying the microrheology of the PIA associated system. Work in this direction
will address molecular mechanisms responsible for the unusual biomechanics of biofilms;
examples of which include their extraordinary resistance to external shear 30,53, their flow-
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induced fragmentation 55 and the non-monotonic behavior of their elastic modulus with
ionic strength of growth media 11.

Lastly, we would offer up one broader interpretation of our findings as they relate to the
construction of EPS-based biofilms by microorganisms. Synthesis and cell-wall
translocation of large structural polysaccharides for the purpose of establishing a viscoelastic
medium in which to live is a metabolically expensive process but mandatory for survival in
such bio-systems. As such, one would expect that selection pressure on biofilm-forming
species would yield the most economical means of creating durable extracellular scaffolds,
so as to optimize the elastic modulus achieved per unit metabolic energy. The assembly of
dense overlapping polysaccharide networks is one possible strategy, but our results indicate
at least one competitive alternative: namely the secretion of polymers that are capable of
forming elastic networks at concentrations well below their coil overlap concentration by
recruiting linking molecules. An idea that warrants further exploration is the possibility that
bacteria exploit host proteins for this purpose and therefore generates an additional
metabolic savings when forming a safe environment for bacterial proliferation.
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PIA Polysaccharide intercellular adhesin

SEC size exclusion chromatography

MALLS multi angle laser light scattering

CLSM confocal laser scanning microscopy
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Figure 1.
a) Schematic representation of the PIA chain 9,37. PIA is a linear homoglycan of β-1,6-
linked N-Acetylglucosamine (GlcNAc) residues. About 20% of the monomers are
deacetylated, having a cationic free amine group (GlcNH3

+). The chain has a small fraction
of anionic O-succinate functional groups rendering the chain zwitterionic. The schematic is
a snapshot of a longer molecule; the monomers need not be present in the sequence
depicted. Every repeat unit, has potential hydrogen bond participants due to the –OH and
acetamido groups. Interactions between chains can therefore occur through the hydrophobic
(-CH3), hydrogen bonding (-OH, acetamido), and ionic (deacetylated -NH3

+, and succinyl
ester-related –COO−) regions of the polysaccharide backbone.
b) Schematic representation of the two possible mechanisms of PIA’s contribution to S.
epidermidis biofilm viscoelasticity 2,5. If cPIA,Biofilm ≥ c*, then PIA could form an entangled
network of polymer chains 15.
c) Alternatively if cPIA,Biofilm ≥ ccritical, then PIA could associate into a network due to
interactions with itself (dotted circles), or due to interactions with protein. See text for
definitions of c* and ccritical.
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Figure 2.
a) Elution chromatograms of PIA isolated by sonication. The chromatograms from the light
scattering (LS) detector and from the refractive index (RI) detector are in red and blue
respectively. Amino sugars were detected only in Peak 2 (by the Smith-Gilkerson assay) 26.
Eluting fractions beyond 50min are peaks caused by electrolyte in the mobile phase.
b) The elution chromatogram of isolated Peak 2, containing only amino sugars. This sample
represents high purity PIA that was used for all further analysis.
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Figure 3.
Schematic of assay used to calculate the average extracellular concentration, cPIA,Biofilm, of
PIA. a) A schematic of the protocol to calculate total number of PIA molecules per biofilm
cell (nPIA). b) An x-y CLSM image of bacterial cells (green) within the biofilm. c) A 3-D
reconstruction of a biofilm volume using centroid data obtained using image analysis 31. The
number of cells within that volume was taken as local cell number density (ncell cells/μm3).
c) The reciprocal of the cell number density, Vtotal = 1/ncell, is shown. The volume, VPIA,
available to PIA molecules per biofilm bacteria (nPIA) was calculated as Vtotal − Vbacteria
(Table 1). The extracellular PIA concentration within the biofilm, cPIA,Biofilm, was then
calculated as nPIA/VPIA.
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Figure 4.
Variation of scattering intensity (Iθ=90) of PIA solutions at 90° and at cPIA = 6.4 × 10−4 g/
mL versus pH.
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Figure 5.
Absorbance (at 600 nm) versus pH for solutions of PIA-BSA (6.4 × 10−4 g/mL PIA, 0.5 %
(w/v) BSA) and solutions containing only PIA (6.4 × 10−4 g/mL) and only BSA (0.5 %(w/
v)). The absorbance curve of PIA is consistent with its scattering behavior whereas BSA
shows no significant change in absorbance at the concentration studied.
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Figure 6.
a) Differential molar mass distribution of PIA, indicating PIA molecular weights previously
reported in literature 37,38. b) Zimm plot obtained by static light scattering measurement of
three different concentrations of PIA (1 × 10−4 g/mL − 15 × 10−4 g/mL < c*) at different
scattering angles. The weight average molar mass is 1.81 × 105 ± 3700 g/mol and the z-
average rg is 30 ± 1.6 nm. c) Scaling plot of rg vs Mw for S. epidermidis synthesized PIA.
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Figure 7.
Scattering intensity at zero angle (Iθ=0) versus PIA concentration (cPIA) at different pH.
Solid and empty diamonds indicate solutions containing PIA only at pH 4.9 and 7.5,
respectively. Circles indicate PIA-BSA solutions containing 0.5 %(w/v) BSA and varying
concentrations of PIA at pH 4.9 (solid circles) and pH 7.5 (empty circles). The dotted line is
the theoretical Zimm curve 27 calculated using the Mw and A2 measured from Figure 6.
cPIA,Biofilm and c* are marked for reference. The upper x-axis denotes the molar ratio of PIA
to BSA, rPIA/BSA, in each experiment.
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Table 1

Intra-biofilm properties measured to calculate the extracellular cPIA,Biofilm/c* of PIA.

PROPERTY VALUE

Cell number density (ncell) 0.19 ± 0.03 cells/μm3

Vtotal
a 5.26 ± 0.83 μm3

VPIA
b 5.12 ± 0.83 μm3

nPIA
c 1.56 ± 0.20 × 104 PIA molecules/cell

cPIA,Biofilm/c* 0.31 ± 0.07

a
Vtotal: reciprocal of cell number density

b
VPIA: average extracellular volume associated with each biofilm bacterium

c
nPIA: number of PIA molecules per biofilm bacteria
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