
Structure of Bacterial Extracellular Polymeric Substances at Different
pH Values as Determined by SAXS

Iztok Dogsa,*y Manfred Kriechbaum,z David Stopar,y and Peter Laggnerz

*Laboratory for Biophysics, Jozef Stefan Institute, Ljubljana, Slovenia; yBiotechnical Faculty, Department of Food Technology, Laboratory
of Microbiology, University of Ljubljana, Ljubljana, Slovenia; and zInstitute of Biophysics and X-Ray Structure Research, Graz, Austria

ABSTRACT Extracellular polymeric substances (EPS) play an important role in cell aggregation, cell adhesion, and biofilm
formation, and protect cells from a hostile environment. The EPSwas isolated by trichloroacetic acid/ethanol extraction from broth
culture of a marine bacterium isolate. The EPS was composed of glucose and galactose as determined by HPLC and TLC; the
protein content was on average 156 5% of EPS drymass. The solution structure of EPS at different values of pHwas revealed by
small-angle x-ray scattering. Scattering curves of EPS solutions (0.4%, w/v) consistently showed two nearly linear log-log regions
with slopes a and b in the q-ranges from 0.06 nm�1 to 0.26 nm�1, and from 0.27 nm�1 to 0.88 nm�1, respectively. Slope a was
sensitive to pHchangeswhereas slope bwas not. The observed sensitivity to pHwasnot a consequence of ionic strength variation
with pH, as checked by salt addition. The pH variation causes major rearrangements of EPS structure mainly at length scales
above 24 nm. To get a better understanding of the pH effect on EPS structure, the original model proposed byGeissler was refined
into a mathematical model that enabled fitting of the experimental scattering curves in the pH range from 0.7 to 11.0. The model
describes EPS structure as a network of randomly coiled polymeric chains with denser domains of polymeric chains. The results
obtained from the model indicate that dense domains increase in average size from 19 nm at pH 11.0 to 52 nm at pH 0.7. The
average distance between the polysaccharide chains at pH 0.7 was 2.3 nm, which indicates a compact EPS structure. Swelling
was found to be at a maximum around pH ¼ 8.8, where the average distance between the chains was 4.8 nm.

INTRODUCTION

The major component of the microbial extracellular poly-

meric substances (EPS) would be the extracellular poly-

saccharides, which are associated either with the cell surface

or excreted in the growth medium (1). In the isolated extra-

cellular polymeric substances, proteins may be recovered as

well (2–6). The EPS plays an important role in cell aggrega-

tion (7), cell adhesion (8,9), biofilm formation (10,11), and

protection of cells from hostile environments (10,12). The

extracellular polysaccharides secreted in the media by indus-

trial microorganisms improve the quality of the product

(13,14). On the other hand, extracellular polymeric sub-

stances in biofilms cause hygienic problems in the food in-

dustry (15). Adherent bacterial communities embedded in a

polysaccharide matrix cause persistent human infections that

are highly resistant to antibiotics (16). Microbial activity in

biofilms can cause material deterioration and economic loss

(17,18).

Many of the EPS physicochemical properties are closely

linked to the three-dimensional structure of the biopolymer

network. EPS structures have been studied on different

model systems and by applying different spectroscopic tech-

niques. Larger network structures with regions of unequal

densities were visualized by electron microscopy in hyal-

uronan from Streptococcus equi (19). Fibrous structures

were seen by scanning electron microscopy in EPS from

Bacillus sp. (20). Double helices were observed in rhamsan

after deacetylation by optical rotation spectroscopy and dif-

ferential scanning calorimetry (21). Similar results were ob-

tained by atomic force microscopy in a combination with

static light scattering on extracellular polysaccharides from

Acetobacter xylinim (22). From rheological studies, it follows

that EPS of Erwinia chrysanthemi spp. forms elastic coiled

structures (23).

Small-angle x-ray scattering (SAXS) techniques have also

been frequently used in studying polysaccharide structures.

For example, SAXS measurements indicated that cross-

linked hyaluronan consists of randomly distributed zones of

denser material (19). In a related work, Hirata et al. (24) has

considered dextran solutions from several bacterial genera as

networks with embedded static heterogeneous domains of

higher polymer concentration. Temperature transitions of

gellan, carrageenan, and curdlan have been investigated by

SAXS. The impact of inorganic salts on carrageenan and

gellan gelation mechanism has also been studied by SAXS

(25–27). Little is known, however, on the effect of pH on

EPS structure. For instance, rheological studies by Yang et al.

(28) have shown that curdlan structure appears to be pH-

dependent, i.e., it forms random coils at neutral pH, and

rodlike structures at high pH (29).

In this article, we report on SAXS studies of the structure

of EPS from recently isolated marine bacterium from the

Northern Adriatic Sea, where mucilage formation that causes

severe economic loss is frequently reported. The work was

aimed at an elucidation of the structural effects of pH on EPS

structure and the results allow new insight into the swelling

behavior of this network-gel. From a technical point of view,

the results demonstrate that detailed information on dilute,Submitted February 19, 2005, and accepted for publication July 21, 2005.
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low-contrast systems can be obtained from x-ray scattering

with suitable laboratory instruments even without the use of

synchrotron radiation.

MATERIALS AND METHODS

Bacterial growth

Slime-producing marine bacterial isolate, recently isolated from the Northern

Adriatic Sea, was used for the purpose of this study. The isolate was mor-

phologically characterized as pleomorphic rod. According to the physiolog-

ical tests, the isolate is: G �; Oxidase1; Catalase1; it has no pigment; OF

glucose O1F�; Gelatinase1; Cellulase�; Lipase�; Lecithinase�; motile;

able to grow at 4�C; unable to grow at 42�C; unable to grow anaerobically;

and unable to growwithout NaCl. Based on this test wewere not able to relate

it to the known bacterial species. The bacterial isolate was grown in PYE

medium (0.1 g yeast extract, 0.5 g peptone, 0.2 g MgCl2, and 1.76 g NaCl in

100ml of deionized water). Fresh mediumwas inoculated with 2% overnight

bacterial culture and incubated on a rotary shaker (250 rpm) for 24 h at 27�C.

EPS isolation and sample preparation

Purely native bacterial polysaccharides are difficult to study, since most

polysaccharide matrices contain significant amounts of other substances

(e.g., proteins, nucleic acids, lipids). In addition, the concentration of poly-

saccharides in the bacterial culture is usually too low to study directly. There-

fore, the polysaccharides were purified and concentrated according to the

modified method of Faber et al. (30). Typically, proteins in the supernatant

were precipitated by addition of trichloroacetic acid to a final concentration

of 8% (w/v). The mixture was stirred for 45 min and the cell debris was re-

moved by centrifugation (5000 rpm, 1 h). The EPS in the supernatant was

precipitated by addition of 2 volumes of cold ethanol (96%), and left

overnight at 4�C. The collected precipitate was dialyzed against a 100-fold

excess of distilled water. The distilled water was changed three times every

24 h. Even after extensive dialysis against water, some divalent ions might

still have been present in our sample. However, in terms of preserving the

native polysaccharide structure, removal of divalent ions might have caused

some perturbation and was therefore avoided. After dialysis, the EPS was

recovered by addition of 2 volumes of ethanol (96%). The precipitate was

collected and dried on a rotary evaporator. Dried EPS was stored at 4�C
before SAXS analyses. The EPS yields were from 40- to 60-mg dry weight

per liter of growth medium.

For SAXS measurements, dry EPS was dissolved in a buffer solution to

obtain the desired pH. Final concentration of the EPS was 0.4% (w/v). For

pH measurements the stock solutions of 0.2 M citric acid, 0.4 M Na2HPO4,

0.2 M Na2CO3, and 0.2 M solution of H3BO3 with 0.2 M KCl were

prepared. The acidic buffers (pH from 2.5 to 7.0) were then obtained by

mixing 0.2 M citric acid with 0.4 M Na2HPO4 at different volume ratios so

that the final volume was kept constant. The alkaline buffers (pH from 8.0 to

11.0) were obtained by mixing 0.2 MNa2CO3 with 0.2 M solution of H3BO3

with 0.2 M KCl at different volume ratios so that the final volume was again

kept constant. For pH 0.7, 0.2 M HCl was used. Each sample was separately

prepared by dissolving the dry EPS in the buffer with appropriate pH. The

samples were incubated for 1 h before the SAXS measurements. To check

whether irreversible chemical modifications such as hydrolysis may have

occurred at low pH, the EPS was exposed to 1 MHCl for 8 h. The hydrolysis

was additionally studied by heating the EPS sample for 1 h in 1 M HCl at

100�C. The SAXS measurements were taken at room temperature. To see if

the SAXS scattering curve is affected by increased concentration of EPS, we

prepared either 0.4 or 1% (w/v) EPS water solutions. The effect of ionic

strength on SAXS scattering curves was checked in 0.4% (w/v) EPS water

solutions, with NaCl or CaCl2 added to the same sample to the final

concentrations of 0.5, 1.0, and 2.0 M. The SAXS scattering curves were

reproducible.

Chemical composition of EPS

For determination of monosaccharide composition with TLC and HPLC, the

samples were hydrolyzed at 100�C for 4 h in 6 M HCl. The TLC analysis

was done as described by Pukl and Prosek (31). Silica gel 60F254 HPTLC

plates, pre-washed by running a blank chromatogram in a mixture of

methanol-water (9:1, v/v) and activated at 120�C for 20 min, were used. A

standard mixture contained glucose, fructose, mannose, and galactose.

Separation was carried out in normal, unsaturated chambers at room

temperature (23�C), using an acetonitrile-water (85:15, v/v) solvent system.

The dried plates were dipped into aniline-diphenylamine reagent. After

heating to 120�C for 10 min, colored spots of sugars appeared. The HPLC

system used consisted of a Maxi Star K-1000 pump (Knauer, Berlin,

Germany), a K-2301 RI detector (Knauer), and a Luna 5-mm NH2 column

(Phenomenex, Torrance, CA); the injection valve was fitted with a 20-ml

injection loop and the samples were introduced to the valve via a Marathon-

XT autosampler (Spark Holland, Emmen, The Netherlands). Mobile phase

was bi-distilled water, operational temperature and flow rate were 85�C and

0.6 mL/min, respectively. A standard mixture contained glucose, fructose

and galactose. Protein content of crude EPS was analyzed using a Bio-Rad

protein assay (Bio-Rad Laboratories, Munich, Germany), which is

essentially a Bradford assay. The dry EPS was dissolved in hot water. Final

concentration of the EPS in samples was 0.1 mg/ml. The light absorption

measurements were taken 5 min after addition of Bio-Rad reagent and

verified after 1 h on a Lambda-17 UV-VIS spectrometer (Perkin-Elmer,

Boston, MA). Bovine serum albumin was used as a protein standard.

Small-angle x-ray scattering

A thin-walled 1-mm-diameter quartz capillary held in a steel cuvette holder

was filled with the sample solutions. SAXS experiments were performed on

a Hecus SWAXS camera (Hecus X-Ray Systems, Graz, Austria; see also

work of Laggner and Mio (32)), using Ni-filtered CuKa-radiation (l ¼
1.542 Å) from an RU-200 rotating-anode (Rigaku-Denki, Tokyo, Japan)

operating at a power of 4 kW (50 kV, 80 mA). Sample-to-detector distance

was 27.8 cm. A linear-position-sensitive detector was used with 1024-

channel resolution. Distance between channels was 54 mm. All samples

were measured for 1 h at room temperature.

Data analysis

Appropriate pH buffer backgrounds were measured and subtracted from

scattering intensities of sample containing EPS. No tail normalization was

necessary since wide-angle measurements showed only 0.5% difference in

scattering intensity between that of pure water and 0.4% (w/v) EPS.

Estimates for scattering length densities, r, were calculated by using the

online scattering-length calculator on the Internet (33). For this purpose, EPS

was assumed to have the net composition of glucose residues, and a mass

density of 1.3 g/cm3. The calculated r for EPS was comparable with the

estimate for carrageenan (34). Buffer mass densities were estimated under

the assumption that after addition of salts, only the mass of solution changes,

whereas the volume of solution remains constant. For HCl solutions, the

values for mass densities were obtained from the work of Trpinac (35).

Experimental data were fitted with Eq. 4 using computer software Origin 6.1

Pro (OriginLab Corporation, Northampton, MA). The nonlinear model and

the Levenberg-Marquardt method were chosen. The criteria for goodness of

fit were: 1), reduced x-squared test divided by degrees of freedom; and 2),

visual quality of the fit on all types of graphical presentations (i.e., linear,

log-log, and Kratky-Porod plot).

RESULTS

Both HPLC and TLC analyses of isolated and hydrolyzed

polysaccharides detected two monosaccharide sugars,
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glucose and galactose, in the EPS. The fraction of galactose

did not exceed 10%. In addition, proteins have been detected

in the isolated EPS. The protein content of EPS was, on

average, 15 6 5% of EPS dry mass. The isolated EPS was

investigated by SAXS. A representative experimental, slit-

smeared SAXS scattering curve intensity I(q) of 0.4% (w/v)

EPS, plotted as a function of absolute value of scattering

vector q ¼ 4p sin u/l (where 2u is scattering angle, and l is

wavelength), is shown in Fig. 1 a. The double-logarithmic

plot in Fig. 1 b indicates the presence of two approximately

linear regions, with slopes a and b. Slope a was determined

in the q-range from 0.06 to 0.26 nm�1, and slope b from 0.27

to 0.88 nm�1.

The effect of different pH values on slopes a and b is given
in Fig. 2. When dry EPS was dissolved at different pH

values, samples dissolved better at alkaline pH than at acidic

pH. The majority of the material was nevertheless dispersed

in the capillary in a form of macroscopic particles. The SAXS

observation scale (up to 100 nm), however, is far below the

visible range, and the scattering curve is not directly affected

by the macroscopic particles. The two SAXS size-scales

present in the EPS structure are influenced by pH to different

extents. An increase of the solvent pH resulted in an increase

of slope a. The relationship was sigmoidal (R2 ¼ 0.95), with

the midpoint around pH 6.5. Slope a changed significantly

from �0.8 at pH 11 to �2.4 at pH 0.7. Slope b, on the other

hand, did not show any apparent dependence on pH, and the

values were scattered in the range from �0.9 to �1.2. The

reversibility of the EPS structural changes upon adjusting pH

back to the initial value was not studied. Because of a

relatively large pH range in the experiment, it is possible that

the difference measured in the structure of EPS could be

a consequence of a relatively large ionic-strength difference.

To determine the significance of pH relative to the ionic

strength on the scattering intensity, the EPS samples were

treated with NaCl and CaCl2. Slope a increased with

increased salt concentration, as given in Table 1. In sharp

contrast to the pH effect, slope b increased with increasing

salt concentration. If the effect of pH were superimposed on

the effect of ionic strength, one would expect a change of the

slope b with pH. This was not observed. The effect of

a divalent CaCl2 on EPS structure was somewhat stronger

than for NaCl. The spread of the experimental data for slope

a in pH experiments was 1.6 6 0.3, which was much more

than in the experiments where salt concentration was varied

(i.e., 0.25 6 0.2 and �0.1 6 0.2 for NaCl and CaCl2,

FIGURE 1 SAXS scattering curve I(q) for 0.4% (w/v)

EPS in water at room-temperature in linear (a) and double-
logarithmic (b) plots. Two nearly linear regions with

slopes a and b are indicated, suggesting two characteristic

structural length-scales.

FIGURE 2 The effect of pH on slopes a and b in the scattering curves for

0.4 (w/v) % EPS. The effect is most pronounced on slope a, indicating
changes on scales above 24 nm.
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respectively). This indicates that proton concentration had

stronger effect on EPS structure, compared to the ionic

strength. When 0.4% (w/v) EPS was kept in 1 M HCl for 8 h,

no significant change in SAXS scattering curve was ob-

served, compared to the sample that was in 1 M HCl for 1 h

(data not shown). However, after heating the samples of

0.4% (w/v) EPS in 1 M HCl at 100�C for 1 h, there was no

structural SAXS signal—implying that hydrolysis may have

significantly affected the scattering properties of the sample.

To evaluate EPS structural changes upon pH changes

quantitatively, the mathematical model was structured as

follows. It was assumed that polymers in the EPS form a gel-

like polymeric network consisting of mutually interpene-

trated coils. The network is neither symmetrical nor entirely

homogeneous in terms of local polymer chain density. There

are regions with higher density of polymer with an average

diameter J (a static correlation length). These denser

domains are considered static in comparison to the regions

of the network with lower density. The average distance j
between polymer chains in the lower-density regions is

a dynamic correlation length. The mathematical expression

for scattering intensity of gels was already successfully

applied by Geissler et al. (36), Horkay et al. (37,38), and

Hecht et al. (39), including gels formed by extracellular

polysaccharide alginate (40), and is given by the expression

IðqÞ ¼ Dr
2 kTu2

MOS

1

11 q
2
j
2 1 +

j

8pÆdu2æjJ
3

j

11 q2
J

2

j

� �2

0
B@

1
CA; (1)

where I(q) is scattering intensity normalized to scattering

volume; T is the absolute temperature of the polymer; k is the
Boltzmann constant;u is the polymer volume fraction; Ædu2æj
is the mean-square amplitude of polymer volume fraction

fluctuations due to the presence of the jth static inhomogeneity

(denser domain); J is the static correlation length; j is a

dynamic correlation length; Dr2 is the scattering contrast

factor; and MOS is the longitudinal osmotic modulus defined

by

MOS ¼ u
@p

@u

� �
1

4G

3
: (2)

Here p is the osmotic pressure, and G the osmotic modulus,

which was introduced due to elasticity arising from cross-

links (36). There are no cross-links in our model, yet the poly-

meric coils are assumed to at least partially interpenetrate

each other, and therefore elasticity is present.

The problem with the Eq. 1, as given above, is that it is

valid for an infinitely narrow primary beam with a point-

shaped cross-section. In our case, however, slit collimation

was used, producing a beam with a very narrow vertical

dimension (half-width ,175 mm) and a length of ;2 cm.

Therefore, the horizontal width may no longer be ignored. A

possible way to overcome this problem is to de-smear the

data. Although there are several numerical methods to

perform slit de-smearing, all of them implicitly incorporate

a degree of data-smoothing as a part of their algorithms.

Consequently, starting from the same set of experimental

data, de-smeared intensity curves sometimes show significant

differences from each other (41). Therefore, we have decided

to take the alternative approach to analytically transform Eq.

1 and thus to take the slit-smearing effect into account.

Because of the very narrow primary beam in the vertical

direction, we have considered the horizontal-smearing effect

only. For a primary beam with horizontal trapezium profile,

and horizontal intensity distribution W(x), as indicated in

Fig. 3, the Eq. 1 is analytically transformed to

TABLE 1 The effect of NaCl and CaCl2 concentration on the

slopes a and b obtained from a log-log SAXS scattering curves

at pH 4.8

Salt concentration [M] Is NaCl [M] Is CaCl2 [M] NaCl CaCl2

Slope a
0.0 0 0 �1.85 �1.75

0.5 1.0 1.1 �1.60 �1.75

1.0 2.0 2.1 �1.60 �1.85

2.0 4.0 4.2 �1.50 �1.25

Slope b

0.0 0 0 �1.10 �1.15

0.5 1.0 1.1 �0.95 �0.90

1.0 2.0 2.1 �0.90 �0.80

2.0 4.0 4.2 �0.80 �0.30

Is denotes calculated ionic strength of the solution. The error estimates for

a and b are 60.1.

ĨðqÞ ¼ 1

j
2ðt � t0Þ

8Apj
2
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The term Ĩ(q) denotes the smeared intensity. Here A ¼ Wq

Dr2 N Ædu2æ; N is the number of denser domains in the

sample with average Ædu2æ, and B ¼ Wq Dr
2kTu2/MOS; x is

the horizontal half-length of the beam; t and to are absolute
values of the scattering vectors at corresponding x and are

defined as t ¼ (2p/l)(x/D), where D is the sample/detector

distance. Wq is the trapezium height. Equation 3 is much too

complex to be practicable. Assuming the trapezium profile

to be equivalent to rectangular profile with a half-width of

w ¼ (t 1 to)/2, Eq. 3 reduces to

For infinite slit approximation, when w goes to infinity, Eq. 4

becomes simply

ĨðqÞ ¼ p
B

j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q
2
j
2 1 1

p 1
4ApJ

2

ðq2
J

2
1 1Þ3=2

 !
: (5)

We have fitted the experimental scattering curves with the

above Eqs. 3–5 as given in Fig. 4. As one would expect, the

best fits to the experimental data were obtained with Eq. 3.

The use of the simpler Eq. 5 would be preferred; however,

the quality of fits was unacceptable. On the other hand,

assuming the trapezium profile to be equivalent to rectangular

profile as given in Eq. 4 we have obtained adequate fits to the

experimental data. Therefore, we have only used Eq. 4 in the

subsequent data analyses.

The effect of pH on EPS scattering curves is shown in Fig.

5. The mathematical model gave satisfactory fits for all pH

values. There was a pronounced increase in scattering in-

tensity toward small qwith a decrease in pH. Log-log plots at
pH 10.5 indicated a linear relationship over more than one

order-of-magnitude in q. With decreasing pH, the scattering

curve bent and two approximately linear regions consistent

with slopes a and b were apparent. Diversity of EPS

structures at different pH values was even more pronounced

on Kratky-Porod plots. For example, there was a broad peak

at pH 10.5. With decreasing pH, the scattering intensity at

low q increased and subsequently the broad peak disap-

peared. At low pH values there was a steep decrease in I3 q
intensity with increasing q followed by an approximately

constant I 3 q region. As seen in Table 2, the static cor-

relation length J increased with lowering the pH and was

positively correlated with parameter A*, which embodies the

product of the number of denser domains and the amplitudes

of their mean-squared volume fraction fluctuations. The data

also suggest that the dynamic correlation length j has a peak
around pH ¼ 8.8. A similar behavior was obtained for

parameter B*, which is a measure for osmotic susceptibility,

u2/MOS. Note also that although the calculated ionic

strengths of various buffers are fairly high and different,

they do not correlate with SAXS model parameters nor with

the slopes. The model parameters and slopes, however,

correlate with the proton concentration. The model gave the

same j, J, and A/B parameter values for either 0.4 or 1.0%

concentration of the EPS in water (data not shown). This

indicates that by increasing the concentration of the EPS

macroscopic particles, the internal structure of the particles

did not change.

DISCUSSION

In this work, structural properties of EPS isolated from

a marine bacterium composed mainly of glucose have been

studied at different pH and salt values by SAXS. The most

intensive scattering of 0.4% (w/v) EPS solution occurred at

small q-values, which suggests that large structures are

present in the EPS. In addition, the presence of two nearly

linear regions in the log-log scattering curves, with different

slopes a and b, imply at least two SAXS size-scales in the

EPS structure. Whereas slope a was clearly sensitive to pH,

ĨðqÞ ¼ 2

BArcTan
wjffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

q
2
j
2 1 1

q
2
4

3
5

j
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q
2
j
2 1 1

p 1 4ApJ
2 wJ

ðq2
J

2
1 1Þððw2 1 q

2ÞJ2
1 1Þ1
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q2
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2
1 1
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4
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2
1 1Þ3=2

0
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0
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1
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FIGURE 3 The horizontal intensity distribution W(x) of a primary beam

with horizontal trapezium profile as used in the experiment; x is the hori-

zontal half-length of the beam, and t and to are absolute values of the scat-
tering vectors at corresponding x. Wq is the trapezium height.
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slope b was not. This further proposes that major structural

rearrangements upon pH variation occur in EPS at larger

SAXS spatial scale (i.e., low q). In contrast to pH, the

addition of NaCl or CaCl2 to 0.4% (w/v) EPS affected both

slopes a and b. No change in slope b was observed with pH

experiments alone, which suggests that the effect of ionic

strength was less pronounced in pH experiments. To get

a better understanding of the pH effect on EPS structure, we

have used a modified version of the mathematical model

proposed by Geissler et al. (36). The original model was

transformed to take the slit-smearing effect into account. The

refined mathematical model enabled us to fit the scattering

curves of EPS from pH 0.7 to pH 11 satisfactorily. Although

this does not by itself validate the model, it gives an estimate

of structural rearrangement that is likely to take place in EPS

with changing pH.

From the model it can be inferred that the EPS static cor-

relation length J, which in the literature is frequently inter-

preted as an average size of heterogeneous domains in

polymeric networks, remained, at all values of pH, larger than

dynamic correlation length, j, which is a measure for dis-

tances between polymeric chains in the network. This is, in

general terms, consistent with results obtained by other re-

searchers (34,38,39,42–45). For example, in 0.4% (w/v) EPS

solutions we have found j ¼ 2–5 nm, which is similar to the

value found in carrageenan, j ¼ 3–4 nm (34). However, the

static correlation length, J ¼ 15–50 nm, was considerably

different from that in carrageenan, J ¼ 8–10 nm.

At high pH, the EPS network appears to be structurally

relatively homogenous. The number of denser domains,

parameter A, as well as size of the denser domains J, are the

lowest. Data for different polymeric gels suggest that the

dynamic correlation length j correlates well with osmotic

susceptibility u2/MOS (36–39), which is consistent with our

observations. Both parameter B (a measure of osmotic

susceptibility) and dynamic correlation length j reached the

highest value around pH ¼ 8.8. The increased j means that

the average distance between chains increased, and this could

be interpreted as swelling of the network. In general, at acidic

pH, where EPS was less soluble, the j were smaller, while at

alkaline pH the j were larger. In addition to swelling, the

values for parameters A and J increased as well. Since

parameter A is proportional to the number of denser domains

N and to the amplitude of polymer volume fraction

fluctuations Ædu2æ, this indicates that either the number of

denser domains or their density relative to that of the polymer

network increased with decreased pH. In either case, the

polymer network is less structurally homogenous at lower

pH. Further decrease of pH from pH 8.8 to pH 0.7 caused the

average distance between the polymer chains to decrease.

Since this was accompanied by an increase in both the size of

the denser domains and in parameter A, the EPS network is

believed to de-swell. The model derived from these con-

siderations is schematically depicted in Fig. 6.

The slope analysis of the scattering curves indicates the

presence of two different size-scales in EPS. The decrease in

slope a with decreased pH implies that larger EPS structures

are becoming dominant at low pH. Based on the parameters in

the mathematical model, this is consistent with an increase in

the number and size of denser domains at low pH. Super-

imposed on this overall tendency of the EPS network to

become less homogenous at low pH is swelling and de-

swelling, as indicated by variations in the dynamic correlation

length j and osmotic susceptibility B. On the other hand,

slope b was, under all pH conditions, around �1. This cor-

responds to various fundamental models for scattering of

coiled polymeric chains (45). Note that the scaling exponent

for scattering from a random coil is �2, which transforms to

�1 for infinite slit-smearing. The condensation of heteroge-

neous denser domains at low pH indicates that there might be

pH-dependent charge effects present in the EPS structure. It is

known from the solubility data on other polysaccharides that

they are often soluble in alkaline solutions but insoluble at

low pH (at room temperature) even when they do not contain

charged groups (46). The chemical analysis revealed that, in

addition to polysaccharides composed of uncharged glucose

and galactose residues, EPS also contained ;15% (w/w)

proteins. In fact, the presence of proteins of various con-

centrations in EPS is common in the isolated EPS (3–6,15),

as well as in native biofilms (47). The literature regarding

FIGURE 4 Experimental data (s) on log-log plots in a

were fitted with Eq. 3 (—), Eq. 4 (. . .), and Eq. 5 (- - -). The

same data are shown on a Kratky-Porod (I 3 q versus q)
plot in b fitted with Eq. 3 (—), Eq. 4 (. . .), and Eq. 5 (- - -).

In all three cases, the same values for parameters were used

to produce the fit to the experimental data. The curve for

Eq. 4 (. . .) cannot be seen, because it is nearly completely

covered by the curve of Eq. 3 (—). In all subsequent

analyses, we only used the simpler Eq. 4.
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involvement of protein in the heterogeneous domain forma-

tion in polysaccharides is inconclusive. Tada et al. (48)

reported that pure curdlan in 0.01 N NaOH forms networks

with heterogeneous domains. SAXS studies of alginate gels

also indicate formation of heterogeneous gels (40). Purified

tamarind seed xyloglucan is believed to form local hetero-

geneities in 15% ethanol solutions (43). Anthonsen et al. (49)

have also reported that purified chitosan forms aggregates and

supramolecular structures. The treatmentwith proteinase, pH,

and ionic-strength changes did not eliminate the aggregates.

They claim that it was not possible to correlate the extent of

aggregationwith the chemical composition of chitosan. These

studies would suggest that heterogeneous domains in poly-

saccharide matrices can also form in the absence of proteins.

On the other hand,Mleko et al. (50) concluded from the SAXS

curves that aggregates are formed in the mixture of whey

proteins and carrageenan at acidic pH. They have also sug-

gested that complexes between polysaccharides and proteins

were formed. In the case of protein-nonionic hydrocolloid

mixtures, pHonly influencesprotein self-association.Nonionic

hydrocolloid self-association, as well as protein-nonionic

hydrocolloid cross-association, plays a minor role (51). Based

on the discussion above, the proteins are not always necessary

for heterogeneous domain formation in polysaccharides.

However, due to their titratable groups, proteins may be

involved in the observed pH structural response.

FIGURE 5 Log-log plots of scattering intensity of 0.4% EPS at different pH values are given in a, c, and e. Experimental data (s), and best fits to the

experimental data with Eq. 4 (—), are given. The same data are shown on a Kratky-Porod (I 3 q versus q) plot in b, d, and f. Both log-log and Kratky-Porod

plots are given for three representative pH values. The parameters of the best fits are given in Table 2.
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The data in this study were obtained on an EPS isolated

from a marine bacterium. The environmental pH of this

marine EPS producer in the Adriatic Sea is from pH 8.10 to

8.25 and its salinity from 0.5 to 0.6 M. It is interesting to note

that this is surprisingly close to the most swollen EPS

structure observed in this study around pH 8.8. The data also

indicate that EPS is a stable but flexible structure that is

disrupted neither at pH 11 nor at pH 0.7. Since EPS is the

first bacterial structure that comes into contact with the

environment, its structural plasticity may enable bacteria to

better respond to environmental stress.

CONCLUSIONS

The EPS isolated from a bacterial isolate from the Northern

Adriatic Sea was composed mainly of glucose and a small

fraction of galactose. The refined mathematical model

presented here gives satisfactory fitting results for the EPS

scattering curves in the range from pH 0.7 to pH 11.0. In

terms of EPS structure, the SAXS data suggest that: 1), major

structural rearrangements upon pH variations occur at large-

size SAXS scales (i.e., between d ¼ 104.7 nm and d ¼ 24.2

nm); 2), ionic strength had an impact on EPS structure, but

the effect was much smaller than the effect of pH; 3), on the

small-size SAXS spatial scale, the effect of pH is not

significant; and 4), upon pH decrease, the EPS that exists as

a relatively homogeneous network at pH 11 swells up to

pH 8.8, and with further decrease in pH, a less homogenous

EPS network was observed.
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