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Abstract
Exopolysaccharides (EPS) from Streptococcus thermophilus provide similar tech-
nofunctionality such as water binding, viscosity enhancing and emulsifying
effects as commercial thickeners at a significant lower concentration. Despite
their high technofunctional potential, hetero polysaccharides from lactic acid
bacteria are still not commercially used in unfermented foods, as the small
amount of synthesised EPS calls for a high isolation effort. This study aims to
analyse the macromolecular properties of EPS and cell containing isolates from
S. thermophilus DGCC7710 obtained by different isolation protocols, and to link
these data to the technofunctionality in model food systems. The EPS content of
the isolates was affected by the microfiltration/ultrafiltration membranes used
for cell removal/dialysis, respectively, and was 89% at maximum. There was no
link between purity of the isolates, molecular mass (3 × 106 Da) and intrinsic
viscosity (0.53 – 0.59 mL/mg) of the EPS. After adding EPS containing isolates to
milk, gel stiffness after acidification increased by 25% atmaximum, depending on
the type and concentration of the specific isolate. Partly purified, cell containing
isolates were effective at low absolute EPS concentration (approx. 0.1 g/kg) and
therefore represent, together with their simple isolation protocol, an interesting
approach to introduce microbial EPS into non-fermented products.
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1 INTRODUCTION

Polysaccharides are important additives for the adjust-
ment of texture, rheology and stability of foods. Commer-
cially important hydrocolloids are derived from plants (e.g.
starch, pectin, guar gum) [1], algae (carrageenan) [2] or
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fungi (pullulan) [3]. Some authors raised, however, con-
cerns about the safety of some of these thickeners, e.g.
carrageenan [4,5]. Being of microbial origin, only xan-
than, a hetero exopolysaccharides (EPS) produced by Xan-
thomonas campestris, and the homo EPS dextran from
Leuconostoc mesenteroides are currently permitted as food
additives [6,7]. Othermicrobial polysaccharides, especially
hetero EPS from lactic acid bacteriawithGRAS/QPS status
(e.g. Streptococcus thermophilus (S. thermophilus) or Lac-
tococcus lactis), are subject of current research [8,9], but
still not permitted as additive. To apply such EPS in non-
fermented products, it must be distinguished between EPS
synthesis, isolation and application. As hetero EPS are pro-
duced only in low amounts (≤ 1.0 g/L) and synthesis is
growth associated [10], suitable isolation and purification
procedures are still a major challenge [11].
The extraction of EPS from fermentation media usually

comprises the removal of cells (microfiltration, centrifuga-
tion), proteins (acid precipitation, enzymatic hydrolysis),
monosaccharides, salts and otherminor components (dial-
ysis), and EPS precipitation (with acetone or ethanol) and
drying (freeze drying, spray drying) [12]. The EPS content
of the isolates, also referred to as purity, depends on cul-
tivation parameters, details of the isolation procedure and
EPS type, and ranges between 2 and 98% [13]. For exam-
ple, C and N sources required for bacterial growth and
EPS production that are present in MRS medium affect
isolation, e.g. lactose enhances co-precipitation ofmedium
components with the EPS, resulting in lower purity [14].
Precipitation with trichloracetic acid and subsequent cen-
trifugation for protein removal may also result in EPS co-
precipitation and thus a reduction in EPS yield of up to 50%
[15]. EPS purity can be improved through the right choice
and amount of organic solvent used for polysaccharide pre-
cipitation [16], and repeated precipitation further increases
isolate purity [17]. Notararigo et al. [18] showed that the iso-
lation procedure needs to be adapted for each strain, and
neutral homo EPS are easier to isolate in a higher purity
than hetero EPS.
A number of studies demonstrated the high application

potential of EPS in food systems. A positive correlationwas
found between the amount of EPS from S. thermophilus
added to milk, and the stiffness of acid gels made thereof
[19]. Compared to dextran, much lower concentrations
were needed to induce comparable effects [20]. Similar
experimentswere performedwith chargedEPS [21]. Thick-
ening properties in milk products correlated with macro-
molecular properties such as intrinsic viscosity or gyration
radius [22,23]. Other studies refer to emulsifying and stabil-
ising properties of uncharged hetero EPS from Acidobac-
terium and Bifidobacterium species, alone or in combina-
tion with commercial hydrocolloids [24,25]. In general, the
described effects depended on various properties of the

PRACTICAL APPLICATION

Hetero exopolysaccharides (EPS) from lactic acid
bacteria show a high potential for the use as thick-
ening agents, as they exhibit similar technofunc-
tional properties as commercial hydrocolloids, but
already at significantly lower amount. However,
the isolation of pure EPS is laborious and there-
fore not economically yet. To overcome this draw-
back, we applied simplified isolation protocols to
a whey permeate medium fermented with Strep-
tococcus thermophilus DGCC7710, resulting in iso-
lateswith different purities,macromolecular prop-
erties and technofunctionality in model food sys-
tems. We observed a positive effect on gel stiff-
ness of chemically acidified milk for all isolates,
and the increase in gel stiffness was determined
by the absolute EPS amount added to milk. Partly
purified, still cell containing isolates were already
effective at low absolute EPS concentrations and
seem, apart from the simplified isolation protocol,
promising to introduce microbial EPS into non-
fermented products.

EPS such as molecular structure, monosaccharide compo-
sition or molecular mass, making the comparison of EPS
still challenging [19,26,27].
In the present study, our standard EPS isolation proce-

dure [28] was altered and simplified concerning the num-
ber of isolation steps, usage of chemicals, and need for
time, and applied to one S. thermophilus strain. The aim
was to link composition and macromolecular properties
of the isolates, obtained by different procedures, to the
resulting technofunctionality of the EPS in models for fer-
mented and non-fermented foods, namely milk gels and
emulsions.

2 MATERIALS ANDMETHODS

2.1 Materials

S. thermophilus DGCC7710 was provided by Danisco
Deutschland GmbH (Niebüll, Germany). Whey perme-
ate powder was from Wheyco GmbH (Altentreptow, Ger-
many), skimmilk powder from Sachsenmilch Leppersdorf
GmbH (Leppersdorf, Germany), and glucono-δ-lactone
(GDL) from Kampffmeyer Nachf. GmbH (Ratzeburg, Ger-
many). Canola oil was purchased in a local supermarket,
tryptone and Tween R© 80 from Carl Roth GmbH & Co. KG
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F IGURE 1 Procedures for obtaining different EPS, cell and medium isolates. cEPS, capsular EPS; FD, freeze-dried; fEPS, free EPS; SD,
spray-dried; tEPS, total EPS. Subscript characters indicate pore sizes of microfiltration and ultrafiltration membranes used for the respective
fEPS isolates

(Karlsruhe,Germany), and all other chemicals fromMerck
KGaA (Darmstadt, Germany).

2.2 Exopolysaccharide production and
isolation

DGCC7710 was cultivated in a 70 L bioreactor (Applikon R©

Biotechnology BV, Delft, The Netherlands) anaerobically
at 40◦C and pH 6.0, using 60 g/L whey permeate powder
in deionised water, enriched with 10 g/L tryptone, 2 g/L
ammonium sulphate, 9 g/L glucose and 34.2 g/L lactose)
[28].
To obtain isolates containing EPS, bacterial cells and/or

medium components, the fermented medium was diluted
1:2 with 9 g/L aqueous sodium chloride containing 0.2 g/L
sodium azide to reduce medium viscosity and to prevent
microbial growth. The subsequent isolation steps followed
the scheme presented in Figure 1.
fEPS (free EPS) fractions (fEPS0.1_5, fEPS0.45_5 and

fEPS0.1_30): Cells were removed by crossflow filtration
at 40◦C through 0.1 µm (polyethersulfone) or 0.45 µm
(Hydrosart) membranes using Sartocon slice cassettes
(Sartorius Stedim Biotech GmbH, Göttingen, Germany).
The permeate was concentrated and purified (removal
of mono- and disaccharides, amino acids and small pep-
tides, salts and other minor components) by ultrafil-
tration and subsequent diafiltration through 5 kDa or
30 kDa polyethersulfone membranes. EPS precipitation
was carried out by adding two volume units of cold ace-
tone to the EPS containing retentate. After 24 h at 6◦C,
EPS were separated by centrifugation (19,000 g, 15 min,

4◦C), resuspended in demineralisedwater and freeze-dried
(FD) (Alpha 1–2,Martin Christ Gefriertrocknungsanlagen,
Osterode am Harz, Germany).
tEPS (total EPS): After initially releasing capsular EPS

(cEPS) from the bacterial cells by heating the fermented
medium to 90◦C for 10 min and subsequent cooling to
room temperature in an ice bath, the application of the
procedure for fEPS (0.1 µm/5 kDa membranes) results in
tEPS.
cEPS: Adding a very first removal of fEPS by crossflow

microfiltration through 0.1 µm polyethersulfone mem-
branes to the tEPS scheme results in the cEPS fraction.
Cells isolates: The cell containing microfiltration reten-

tate was diafiltered and FD, resulting in a cell isolate with
attached cEPS. To obtain cells without cEPS, the fermented
medium was heated prior to microfiltration and then pro-
cessed in the same way.
Medium isolates: The fermented medium was con-

centrated and dialyzed using 5 kDa polyethersulfone
membranes and then FD. In addition, medium concen-
trates were prepared by spray drying (SD) using a B-290
dryer equipped with a high-performance cyclonic sepa-
rator (BÜCHI Labortechnik AG, Flawil, Switzerland) at
140◦C (inlet temperature), 960 mL/h concentrate flow
(60% pump setting), a spray gas flow of 742 L/h and a gas
flow of approx. 35 m3/h, resulting in a product outlet tem-
perature between 58 and 62◦C.
All isolates were weighed to calculate the yield [mg iso-

late/kg fermented medium], and stored in a desiccator
until further use.
To obtain the exact EPS content of the fermentedmedia,

fEPS and tEPS isolationwas performed in analytical (5mL)
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scale as outlined by Mende et al. [29]. For fEPS isolation,
the heating step was omitted.

2.3 Composition and macromolecular
properties of EPS isolates

Moisture and ash were determined by thermogravime-
try [30]. Total carbohydrate content, expressed as glucose
equivalents [mg/L], was determined with the phenol sul-
phuric acid method [31]. Residual mono- and disaccha-
rides were quantified by HPLC-RI [30].
EPS molecular mass distribution was determined by

size exclusion chromatography (AZURA Assistant ASM
2.1L) and RI detection (Smartline 2300, Knauer Wis-
senschaftliche Geräte GmbH, Germany) [28], and weight
average mM and number average molecular mass mN [Da]
was calculated.
To detect functional groups, all isolates were analysed

by Fourier transform infrared spectroscopy (FT-IR) with
attenuated total reflection technology (Thermo Scientific
FT-IR Nicolet iS5 with iD5-element, diamond crystal,
Dreieich, Germany).
Dynamic viscosity η [mPa∙s] of aqueous EPS solutions

at different concentrations c [g/L] was determined at 20◦C
using a LOVIS rolling ball viscometer (Anton Paar GmbH,
Ostfildern, Germany). Using flow curves recorded with
an AR-G2 rheometer (TA Instruments GmbH, Eschborn,
Germany) equipped with a concentric cylinder device
(di = 28 mm, da = 30 mm, h = 42 mm), coil overlap
concentrations c* and c** [g/L] were determined from
double logarithmic plots of zero shear specific viscosity
vs. EPS concentration [32]. The Huggins equation was
used to calculate intrinsic viscosity [η] [mL/mg] of a sol-
vent/polysaccharide pair as described previously [28].
Moisture sorption of EPS isolates was determined using

a Q5000SA dynamic vapour sorption analyser (TA Instru-
ments GmbH, Eschborn, Germany) [33]. Approx. 5 mg of
sample were exposed to a relative humidity (r.h.) increase
from 0 to 98% in 10% steps and a subsequent decrease to
0% [28]. The moisture load X [g H2O/g dry matter] at each
r.h. was calculated from mass at equilibrium. Adsorption
and desorption isotherms were generated from plots of X
vs. r.h., and hysteresis areas are expressed in arbitrary units
[AU].
All measurements were performed in duplicate.

2.4 Application of EPS isolates in model
foods

The functionality of the EPS was determined in (I) chem-
ically acidified milk gels, a model system that represents

fermented products such as yoghurt, and in (II) emul-
sions, a non-fermented, non-dairy model system as poten-
tial future application for isolated EPS.

2.4.1 Chemically acidified milk gels

Skim milk powder was dissolved in deionised water at
150 g/kg drymatter. After adding 0.3 g/kg sodiumazide and
storing overnight at 8◦C for protein hydration, the reconsti-
tuted skim milk was heated at 90◦C for 10 min and cooled
to 30◦C in an ice bath. Subsequently, an EPS, medium or
cell isolate stock solution/suspensionwas added to achieve
a final milk dry matter of 120 g/kg and isolate concen-
trations of 0–0.65 g/kg (EPS and medium isolates) or 0–
10 g/kg (cell isolates).
Chemical acidification was induced by adding 300 mg

glucono-δ-lactone to 10 mL reconstituted skim milk/EPS
mixture at 30◦C. Gelation of 360 µL aliquots was recorded
with a MultiTEM:a thromboelastometer (SycoMed e.K.,
Lemgo, Germany) for approx. 150 min in triplicate [28],
and pH was recorded simultaneously. The amplitude A120
[mm] of the gelation curve at 120 min was used as a mea-
sure for gel stiffness and normalized to A120 of reconsti-
tuted skim milk without EPS (blank).

2.4.2 Model emulsions

Oil-in-water emulsions were prepared using the formula-
tion of Håkansson et al. [34]. fEPS0.1_5, fEPS0.45_5, cEPS or
tEPS were dissolved in demineralized water with 50 g/kg
Tween R© 80 to achieve an EPS concentration of 8.1 g/kg.
After addition of canola oil at a volume fraction of 52 %,
the system was homogenized using an Ultra-Turrax R© T25
with an S25N-10G dispersing tool (IKA R©-Werke GmbH
und CO. KG, Staufen, Germany) at 21500 rpm for 90 s.
Emulsions without added EPS isolates served as reference.
Droplet size distributions were determined by laser

diffraction spectroscopy using a HELOS/KR (λ = 633 nm,
Sympatec GmbH, Clausthal-Zellerfeld, Germany) with
dispersing system CUVETTE 6 at an optical density of 10
– 25% in a measuring range of 0.1–35 µm. Sauter mean
diameter d3,2 [µm] was obtained from the droplet size
distributions calculated by the Mie theory using the
refractive index of 1.47 (real part) and 0.01 (imaginary
part) for canola oil [35].
Emulsion flow curves were recorded at 20◦C with the

AR-G2 rheometer equipped with a parallel plate geometry
(diameter = 40 mm, gap = 0.5 mm). Shear rate was step-
wise increased from 0.001–100/s in logarithmic spacing
(5 points/decade), and shear stress τ [Pa] at each shear rate
was recorded for 10 s after 20 s equilibration. Apparent
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F IGURE 2 Yield [mg/kg fermented medium] and composition of different EPS, cell and medium isolates. Green: EPS, blue: water, grey:
ash; white: not determined. Conc., medium concentrate; FD, freeze-dried; SD, spray-dried. For the different isolate abbreviations, please refer
to Figure 1

viscosity ηA [Pa⋅s] was calculated from τ at a shear rate of
100/s.
Emulsion stability was investigated with an analytical

photo-centrifuge LUMiSizer R© 610 (LUM GmbH, Berlin,
Germany). 400 µL emulsion was transferred into rectan-
gular polycarbonate cuvettes (2 × 8 mm2 base area), and
transmission profiles were recorded at 1200 g and 25◦C
for 40 min. Creaming velocity vC distribution was calcu-
lated with the SEPView R© software at positions of 124 mm,
126.5 mm, 128 mm (width = 1 mm) and the median vC,50%
[µm/s] was taken as stability indicator.

2.5 Statistical data evaluation

SAS R© University Edition 6p.2 (SAS R© Institute, Cary, NC,
USA) was used for univariate ANOVA (p < 0.05) on sauter
mean diameter, apparent viscosity at 100/s and median
creaming velocity of model emulsions. Unless stated oth-
erwise, data are expressed as arithmeticmean± half devia-
tion range (n= 2) or arithmeticmean± standard deviation
(n > 2).

3 RESULTS AND DISCUSSION

3.1 Composition of isolates

In the given fermentation medium, S. thermophilus
DGCC7710 produced 892 mg/L fEPS and 1024 mg/L
tEPS. The cEPS content refers to the difference tEPS
– fEPS = 132 mg/L. These values served as reference
for the evaluation of the isolation procedures in 1 L
scale.

The isolation of fEPS by microfiltration and ultrafil-
tration with membranes of different pore size (see also
Figure 1) resulted in 564 (fEPS0.1_5), 802 (fEPS0.45_5) and
508 mg (fEPS0.1_30) isolate per kg fermented medium
(Figure 2, left). Compositional analyses revealed that the
absolute EPS amount was similar in all fEPS isolates (451
– 457 mg/kg), meaning that it was possible to isolate 51%
of the free EPS with these procedures. For cEPS and tEPS,
78% (103 mg/kg) and 61% (628 mg/kg) of the EPS were
isolated, respectively. Themono- and disaccharide content
was below the detection limit in all EPS isolates, and the
sum of moisture and ash was 7.1 – 13.2 g/100 g. Further
impurities result from medium components that were
co-precipitated, e.g. peptides from tryptone. Thus, purities
( = relative EPS content of the isolates) of 80.9, 56.2 and
89.0%were obtained for fEPS0.1_5, fEPS0.45_5 and fEPS0.1_30,
respectively, and of 75.8% for cEPS and 79.2% for tEPS. The
use of microfiltration membranes with larger pore size
(0.45 instead of 0.1 µm) accelerated the filtration process
by approx. one third. This did not affect EPS yield (51%),
but the purity of the isolates was, however, decreased. A
30 kDa ultrafiltration membrane (instead of 5 kDa) was
found to be suitable to improve isolate purity from 80.9%
(fEPS0.1_5) or 56.2% (fEPS0.45_5) to 89.0% (fEPS0.1_30).
As the use of highly purified hetero EPS is currently not

cost-efficient [13], partly purified, cell-containing isolates
were analysed. Due to the high cell mass, isolate yields of
2118 – 9518 mg/kg were obtained (Figure 2, right). To inves-
tigate the impact of cEPS bound to the bacterial cells, cell
isolates with and without cEPS were examined. The purity
(relative EPS amount) was low for cells with cEPS (6.2%),
and consequently zero for cell isolates without cEPS. So
called medium isolates were obtained by directly apply-
ing concentration, dialysis and drying of the entire fer-
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F IGURE 3 Infrared spectra of different EPS, cell and medium isolates. FD, freeze-dried, SD, spray-dried. Peak positions are exemplarily
marked for the spray-dried medium concentrate. For the different isolate abbreviations and colours, please refer to Figure 1

mented medium (Figure 1). Consequently, the medium
isolates contain fEPS, which results in a purity of approx.
12% independent from the drying procedure (spray drying
or freeze-drying). Mono- and disaccharides were neither
detected in cell nor in medium isolates, and the biomass
present in the isolates caused the ash content to increase
up to 15.5 g/100 g.
The composition of the isolates is also reflected by

their FT-IR spectra (Figure 3). The intense broad peak at
approx. 3300/cm observed for all isolates corresponds to
the ν(O–H) stretching vibration [36,37]. The absorption
band at 2928/cm was much more pronounced for cell-
containing isolates and can be attributed to the stretching
of ν(C–H) from polysaccharides or fatty acids from cell
membranes [38,39]. Furthermore, the cell-containing iso-
lates showed pronounced peaks at 1644, 1538 and 1231/cm
that were assigned to the amide I, II and III bonds and
thus related to the protein content of the isolates [40,41].
For EPS isolates, the amide I bond was less pronounced
and smallest for fEPS0.1_30. This corresponded with the

lowest impurity of the isolate (isolate purity: 89%). The
pronounced peak at 1041/cm resulted from ν(C–O–C)
stretching vibrations of glycosidic bonds, overlapped by
ν(C–OH)/ δ(C–OH) stretching and bending vibrations
[40,42]. This typical peak for polysaccharides was more
pronounced for isolates with higher purity (e.g. fEPS0.1_30).

3.2 Molecular mass distribution

The next step was to determine the molecular mass of
the EPS present in the isolates. The EPS showed an mM
of approx. 2–3 × 106 Da, a value typical for microbial
heteropolysaccharides (Table 1) [11] and similar to mM of
the EPS determined after analytical isolation, indicating
that no significant structural disruption occurred during
pilot scale isolation. The weight average molecular mass
mM represents the fraction of larger molecules and was
slightly higher for fEPS0.45_5 (3.29 × 106 Da) than for
fEPS0.1_5 (2.98 × 106 Da). Additionally, fEPS0.45_5 are more
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TABLE 1 Macromolecular properties of EPS isolates in aqueous solutions

fEPS0.1_5 fEPS0.45_5 fEPS0.1_30 cEPS tEPS
Molecular mass distribution
mM [106 Da] 2.98 ± 0.12 a 3.29 ± 0.10 2.57 ± 0.07 1.74 ± 0.09 2.61 ± 0.07
mN [106 Da] 1.45 ± 0.10 1.30 ± 0.06 1.46 ± 0.04 0.80 ± 0.02 1.29 ± 0.03
Đ =mM/mN [−] 2.06a 2.53 1.76 2.17 2.02
Hydrodynamic radius Rh [nm] 61.7a 64.9 62.1 49.3 56.6
Critical overlap concentrations
c* [g/L] 0.66 0.64 n.d. n.d. 1.11
c** [g/L] 3.91 2.18 n.d. n.d. 3.90

c*; c**, Critical overlap concentrations; Đ, Polydispersity index [-]; mM, Weight average molecular mass [Da]; mN, Number average molecular mass [Da]; n.d., Not
determined. For the different isolate abbreviations, please refer to Figure 1.
aPublished previously in Nachtigall et al. [28].

polydisperse (polydispersity index Đ = 2.53) than fEPS0.1_5
(Đ= 2.06). This can be attributed to the different pore sizes
ofmembranes used for cell separation. The 0.1 µmmicrofil-
tration membranes block more easily and may impede the
transfer of larger EPSmolecules into the permeate. Chang-
ing the ultrafiltration membrane (isolation of fEPS0.1_30)
had only little effect on the molecular mass distribution:
mM was slightly lower, but mN remained constant.
The molecular mass of cEPS was lower (mM = 1.74 ×

106 Da) than that of fEPS, but in the same order of magni-
tude. In studies with S. thermophilus ST-143, Mende et al.
[20] found significantly lower mM for two cEPS fractions
(approx. 105 and 103 Da) compared with fEPS (mM approx.
106 Da). It remains still unclear whether cEPS have a
lower molecular mass in general, or whether a molecular
breakdown is likely during isolation, especially during heat
treatment. The thermal treatment was applied as short as
possible (10 min at 90◦C) and cannot be omitted, when
cEPS should be removed from the cells. Alternative treat-
ments for cEPS detachment such as ultrasonication are not
appropriate as they also induce the breakdown of covalent
bonds [43–45]. As a consequence, tEPS as amixture of fEPS
and cEPS showed a molecular mass distribution between
both individual EPS fractions (Table 1).
To determine themolecular mass of EPS inmedium iso-

lates, they were suspended in deionised water, followed
by centrifugation for cell removal and dialysis against
deionised water. We found that the molecular mass distri-
bution was neither altered by spray drying nor by freeze
drying, which is in line with a study on EPS from Lac-
tobacillus helveticus where even higher inlet (160◦C) and
outlet (80◦C) temperatures were applied during spray dry-
ing compared to our study (140◦C and 58–62◦C, respec-
tively) [37]. For plant polysaccharides, however, a signifi-
cant decrease of the molecular mass was observed already
at lower temperatures by using spray drying with a rotary
atomizer (inlet temperature 150◦C and outlet temperature
78◦C) or drying in an oven (12 h at 75◦C) [46, 47]. For hot

air drying performed at 50◦C for 5 h, this was attributed to
the rapid removal of bound water causing a breakdown of
the polysaccharide structure [48].

3.3 Rheological properties of aqueous
EPS solutions

Molecular mass, among others, significantly affects the
behaviour of macromolecules in solution. In a previous
study, [η] = 0.543 mL/mg was calculated for fEPS0.1_5
[28]. This value was confirmed for large scale isolation,
and other isolates showed similar [η] of 0.526 mL/mg
(fEPS0.45_5) and 0.588 mL/mg (fEPS0.1_30). For cEPS and
tEPS isolates, [η] was lower (0.433 and 0.438 mL/mg,
respectively). As themolecularmass of cEPS is in the same
order of magnitude as fEPS and we assume that the chem-
ical structure for fEPS and cEPS is identical because of
a similar synthesis pathway [49], the difference in [η] is
likely to be caused by the heat treatment (90◦C for 10 min)
during isolation. Similar results are evident from litera-
ture: for algae polysaccharide solutions from Porphyrid-
ium ssp. the drying process affected, among others, intrin-
sic viscosity, but had an only negligible effect on molec-
ular mass [50]. Similarly, for κ-carrageenan and agarose,
[η] was lower after a heat treatment [51]. Wang et al. [52]
concluded that small aggregates of different uncharged
polysaccharideswith definedmolecularmass distributions
cause lower [η] than larger aggregates. It can be concluded
that protein or peptide remnants from the fermentation
medium do not affect [η] of EPS in aqueous solution, but
that a heat treatment leads to reduced EPS/solvent inter-
actions.
With mM, [η] and the Avogadro constant NA, the hydro-

dynamic radius Rh can be calculated as follows [53]. For
the three fEPS isolates from different isolation procedures,
Rh differed only slightly (61.7 – 64.9 nm) as a consequence
of nearly unchanged mM and [η] (Table 1). Under the
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F IGURE 4 Moisture adsorption and desorption isotherms of fEPS0.1_5 from S. thermophilus DGCC7710 (left chart: moisture load X [g
H2O/g drymatter]), andmoisture load at 90% relative humidity X90 (circles) and hysteresis area [AU] of different isolates at aw = 0.90 (triangles)
(right chart). For the different isolate abbreviations and colours, please refer to Figure 1

assumption of perfect spheres, the molecules occupied a
volume of 9.8 × 105 – 11.5 × 105 nm3. With smaller Rh, this
volume was reduced for cEPS and tEPS to 5.0 × 105 and
7.6 × 105 nm3, respectively.
For selected EPS isolates, coil overlap concentrations

c* and c** which split the concentration range into fully
diluted (individual molecules), semi-diluted (overlapping
molecules) and concentrated (entangled molecules) solu-
tion [32,54], were determined. For fEPS0.1_5, the semi-
diluted region was found at 0.66 < c < 3.91 g/L (Table 1).
With decreasing EPS content, more interactions between
EPS molecules and isolate impurities occurred, and c**
decreased for fEPS0.45_5 to 2.18 g/L. For tEPS with an EPS
content similar to that of fEPS0.1_5 (approx. 80%) c** was
not altered, indicating that the thermal treatment did not
affect the entanglement of the molecules. The present
results fit in the range of values for other EPS from lactic
acid bacteria [20,30,55,56].

3.4 Moisture sorption

One of the most important technofunctional properties
of polymeric carbohydrates is the capacity to immobilise
water. The sorption isotherms of all isolates showed a
sigmoid curve progression, typical for foods and related
samples (Figure 4, left). At low r.h., only small amounts
of moisture adsorbed. At r.h. > 70%, moisture adsorp-
tion was increased because of the presence of salts or
(poly)saccharides [57,58].
The comparison of the moisture loads at r.h. = 90%

shows that EPS isolates (fEPS0.1_5, fEPS0.45_5, fEPS0.1_30,
cEPS, tEPS) have a nearly similar X90, ranging from 0.376 –

0.392 g/g (Figure 4, right). This suggests that the absolute
polysaccharide content of the isolates is not decisive for
the amount of adsorbedmoisture. Cells covered with cEPS
showed a similar X90, and the removal of cEPS from the
cells led to a pronounced decrease (X90 = 0.297 g/g). We
assume that the chemical structure of fEPS and cEPS in
this study is similar, because altered X90 values were found
for EPS from different S. thermophilus strains [20,30]. This
indicates that cEPS play an important role for the cell
surface properties in fermented dairy products through
enhancing the water binding capacity compared to cEPS
negative strains. The FDmedium concentrate also showed
a similar X90 whereas, for the spray-dried (SD) concen-
trates, X90 was 0.347 g/g, probably because cEPS were
detached from the cell wall during spray-drying. This was
confirmed by light microscopy, so that a more hydropho-
bic cell surface is exposed. As the detached cEPS are still
present in the isolate, the X90 was higher than of cells with-
out EPS, but lower compared to the EPS isolates.
Furthermore, the isolates differed in the hysteresis area

enclosed between adsorption and desorption isotherms
(Figure 4, right). Isolates subjected to a thermal impact
during isolation (cEPS, tEPS, cells without cEPS, SD
medium concentrate) showed higher hysteresis areas (1.58
– 1.70 AU) than isolates without thermal treatment (all
fEPS isolates, cells with cEPS, FD medium concentrate;
1.21 – 1.49 AU). The appearance of hystereses is gener-
ally related to re-arrangements in the system and impeded
moisture desorption. Therefore, more energy is necessary
to remove moisture from the matrix, for example because
hydrophilic groups are not exposed to the outer surface of
the molecules [59,60]. After desorption, moisture load was
not exactly zero again, suggesting that some of the bound
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F IGURE 5 Normalised gel stiffness A120,normalised [-] of acidified milk gels supplemented with EPS, cell and medium isolates prior to
acidifaction as affected by the amount of added isolate (left) and as affected by EPS concentration, calculated using the relative EPS content
of the respective isolate. Dark orange: fEPS0.1_5 (circles); fEPS0.45_5 (triangles) and fEPS0.1_30 (squares); light orange: tEPS (circles) and cEPS
(triangles); violet: freeze-dried concentrate (circles) and spray-dried concentrate (triangles); red: cells with cEPS (circles) and cells without
cEPS (triangles). For the different isolate abbreviations, please refer to Figure1

moisture could not be desorbed in the time span of the
experiment [57].

3.5 How different isolates affect
physical properties of chemically
acidified milk

The addition of EPS prior to acidification generally
increased the stiffness of acid milk gels (A120,normalised),
whereas cell isolates without cEPS did not affect
A120,normalised at all (Figure 5). For the EPS isolates,
gel stiffness A120,normalised increased with isolate concen-
tration until a critical concentration (0.35 – 0.65 g/kg
for the different isolates). Above this concentration,

A120,normalised decreased again. This may be explained by
the different mechanism of EPS embedment in the gel
network, compared to in situ formation: in our model
system, EPS concentration is constant during the entire
gelation and, thus, may impede the formation of a solid
three-dimensional protein network at high concentra-
tions. Girard and Schaffer-Lequart [61] observed that ropy
EPS impeded structure recovery of sheared milk gels
because they disrupted the interactions between protein
particles. In our study, A120,normalised did not decrease at
higher concentrations for cell isolates, indicating that the
cells are embedded more evenly in the protein network
without affecting gel stiffness.
The highest A120,normalised were observed for fEPS0.1_30

and fEPS0.45_5 (A120,normalised = 1.25). As the isolates had
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F IGURE 6 Normalised Sauter mean diameter d3,2,normalised, apparent viscosity at 100/s ηA,normalised and median of creaming velocity dis-
tribution vC,50%,normamlised of model O/W emulsions with EPS isolates (EPS concentration = 8.1 g/kg). The dotted line indicates the respective
property of emulsions without isolates (for absolute values, see section 3.6). Superscripts with different letters within the same graph are sig-
nificantly different (p < 0.05). For the different isolate abbreviations and colours, please refer to Figure 1

different purities, data presented in Figure 5 (left) were
redrawn by considering the absolute EPS amount added
to reconstituted skim milk prior to acidification (Figure 5,
right). It is evident that all gels showed an A120,normalised
maximum at approx. 0.4 g pure EPS/kg. Thus, the effec-
tiveness of the isolates in milk gels depends on the abso-
lute EPS content, whereas non-EPS substances do not
impede the functionality of the isolate. With regard to the
amount of added isolate needed for the highest possible
A120,normalised, isolates with high purity are preferred such
as fEPS0.1_30 in our study.
Despite their low EPS amount (maximum at 0.06 g

EPS/kg), medium isolates increased A120,normalised up to
1.14 (FD) and 1.17 (SD). We assume that bacterial cells and
cEPS still present in the medium isolate contributed to the
increase in gel stiffness. This was confirmed after adding
cell isolates to reconstituted skimmilk: cells with attached
cEPS increased A120,normalised in contrast to cells without
cEPS, indicating that cell bound cEPS also contribute to
the technofunctionality of milk gels. This is also discussed
in literature, as cells can interact with EPS or act as fillers
in the pores of the protein network [21,62].

3.6 Application of isolates in model
O/W emulsions

To illustrate the effect of selected EPS isolates (fEPS0.1_5,
fEPS0.45_5, cEPS, and tEPS) on the stability of O/W emul-
sions, an EPS concentration of 8.1 g/kg in the aqueous
phase (above c**) was chosen; this corresponds to an
amount of cIsolate = 10 g/kg of fEPS isolates. A cIsolate
of 10 g/kg was also used for emulsions with uncharged

EPS fromBifidobacterium longum ssp. infantis by Prasanna
et al. [25]. Sauter mean diameter, apparent viscosity at
100/s and median of creaming velocity distribution of
model emulsions with EPS isolates were normalised to the
respective data of emulsions without isolates (d3,2 = 4.8 ±
0.1 µm, ηA = 0.022 ± 0.002 mPa⋅s, vC,50% = 37 ± 1 µm/s).
The use of isolates in the emulsions resulted in a signif-
icantly lower Sauter mean diameter and creaming veloc-
ity and a higher apparent viscosity, which implies suffi-
cient emulsification properties (Figure 6). Emulsions with
fEPS0.1_5 revealed the lowest d3,2, and a high ηA indicates
enhanced physical emulsion stability. This was confirmed
by sedimentation analysis where vC,50% was significantly
lower than for the other isolates. The lower emulsion sta-
bility with cEPS and tEPS (high vC,50% and d3,2) compared
to fEPS0.1_5 can be explained by the thermal impact dur-
ing isolation that resulted in a lower hydrodynamic radius,
and therefore in a lower functionality in the emulsions.
This is in agreement with results on gel stiffness of acid
milk gels, where the lower functionality of tEPS resulted
in a lower A120,normalised than for cEPS. fEPS0.45_5 revealed
a faster phase separation (higher vC,50%) than fEPS0.1_5
which might be attributed to its lower purity (56 vs. 81%,
respectively). The lower purity of fEPS0.45_5 was attributed
to the presence of co-precipitated impurities, e.g. partly
digested proteins, as ash and water content were simi-
lar for these isolates. Generally, proteins can interact with
the polysaccharides and/or droplet surface, and therefore
may cause instabilities [63]. Because of the high purity
and functionality of fEPS0.1_5, this isolate is better capa-
ble to prevent creaming of emulsions than cEPS, tEPS
and fEPS0.45_5. That uncharged EPS with a purity above
80% contributed to smaller droplets similar to guar gum



230 NACHTIGALL et al.

and xanthan was demonstrated recently for EPS from Bifi-
dobacterium longum ssp. infantis [25].

4 CONCLUDING REMARKS

Variations of the isolation procedure are responsible for
significant changes in macromolecular and technofunc-
tional properties of the respective EPS isolates from S. ther-
mophilus DGCC7710: (1) Microfiltration membranes with
larger pores (0.45 instead of 0.1 µm) reduce isolation time,
but result in a higher amount of non-EPS substances in the
isolates (EPS content was lowered from 81 to 56%) and a
shift of the coil overlap to lower EPS concentration. The
absolute EPS yield remained constant at 51% for all fEPS
isolates. (2) Ultrafiltration membranes with larger pores
(30 instead of 5 kDa) increase isolate purity (89%). (3) An
additional heating step detaches cEPS from the cells and
therefore increase EPS yield, but decrease intrinsic viscos-
ity and molecular mass of EPS in the isolates. (4) The pro-
duction of cell containing isolates and medium concen-
trates shortens isolation time considerably and results in
large amounts of isolates containing approx. 88% of non-
EPS substances. The molecular mass of the EPS was not
affected by the applied spray drying or freeze-drying pro-
cedure. A higher moisture load of cells with cEPS (similar
to EPS isolates) compared to cEPS-free cells was observed.
This emphasises the importance of cEPS for the water
binding capacity in fermented products.
When added to reconstituted skim milk prior to acidi-

fication, all EPS isolates provoked a concentration depen-
dent increase in gel stiffness (+25% at maximum) until a
critical concentration of approx. 0.4 g EPS/kg. The content
of non-EPS substances in these isolates did not affect gel
stiffness. Furthermore, the results indicate the high poten-
tial of fEPS in isolates with a purity > 80% for stabilis-
ing emulsions because of the ability to contribute to small
droplets and low creaming velocity. Medium isolates with
cells covered by cEPS showed similar effects in milk gels
although the absolute EPS concentrations were very low
(approx. 0.1 g/kg). In combination with their simple isola-
tion protocols, this makes them highly suitable for the use
in non-fermented products.
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Nomenclature

[η] [mL/mg] Intrinsic viscosity
A120 [mm] Gel stiffness of acidified milk
c*; c** [g/L] Critical overlap concentrations
Đ [-] Polydispersity index
d3,2 [µm] Sauter mean diameter
mM [Da] Weight average molecular mass
mN [Da] Number average molecular mass
Rh [nm] Hydrodynamic radius
r.h. [%] Relative humidity
vC,50% [µm/s] Median of creaming velocity

distribution
X [g H2O/g dry matter] Moisture load
η [mPa⋅s] Dynamic viscosity
ηA [Pa⋅s] Apparent viscosity at a shear rate

of 100/s
τ [Pa] Shear stress
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