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Abstract Cereal-based beverages contain a complex mixture
of various polymeric macromolecules including polysaccha-
rides, peptides, and polyphenols. The molar mass of polymers
and their degradation products affect different technological and
especially sensory parameters of beverages. Asymmetrical flow
field-flow fractionation (AF4) coupled with multi-angle light
scattering (MALS) and refractive index detection (dRI) or UV
detection (UV) is a technique for structure and molar mass dis-
tribution analysis of macromolecules commonly used for pure
compound solutions. The objective of this study was to develop
a systematic approach for identifying the polymer classes in an
AF4//MALS/dRI/UV fractogram of the complex matrix in beer,
a yeast-fermented cereal-based beverage. Assignment of
fractogram fractions to polymer substance classes was achieved
by targeted precipitations, enzymatic hydrolysis, and alignments
with purified polymer standards. Corresponding effects on dRI
and UV signals were evaluated according to the detector’s sen-
sitivities. Using these techniques, the AF4 fractogram of beer
was classified into different fractions: (1) the low molar mass
fraction was assigned to proteinaceous molecules with different
degrees of glycosylation, (2) the middle molar mass fraction was
attributed to protein—polyphenol complexes with a coelution of
non-starch polysaccharides, and (3) the high molar mass fraction
was identified as a mixture of the cell wall polysaccharides (i.e.,
3-glucan and arabinoxylan) with a low content of
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polysaccharide—protein association. In addition, dextrins derived
from incomplete starch hydrolysis were identified in all fractions
and over the complete molar mass range. The ability to assess
the components of an AF4 fractogram is beneficial for the
targeted design and evaluation of polymers in fermented
cereal-based beverages and for controlling and monitoring
quality parameters.
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Introduction

Cereal-based (e.g. barley, wheat, rice, maize) fermented bev-
erages represent a complex matrix of various components
which includes macromolecules. In general, polymers consist
of covalently linked monomers with a varying degree of rep-
etition units, which influence their functionality [1]. They are
commonly characterized based on their molar mass and molar
mass distribution. Beer, a yeast-fermented beverage, is com-
prised of polymeric compounds that include proteins, poly-
phenols, and polysaccharides [2]. These macromolecules af-
fect different techno-functional parameters and especially sen-
sory quality parameters such as mouthfeel and palate fullness
of beverages.

Polymeric interactions influence the beverage’s turbidity
stability. Permanent beer haze is a precipitation product of a
complex of reactions between proteins and polyphenols. The
molar mass of beer proteins varies from 10 to 46 kDa, and
they are often glycosylated by Maillard reactions [3-7].
Further, a stable foam head is an important quality criterion
for consumers [8]. Foam is the result of the interactions be-
tween specific beer proteins (LTP 1, protein Z) and isomerized
hop-derived x-acids [4, 9-12].
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In addition, polymers are vital for the sensory attributes
mouthfeel and palate fullness in cereal-based beverages. It
has been shown that polysaccharides [13—15] and proteins [3,
5, 15, 16] affect the perception of palate fullness and mouthfeel
in beer. The sensory perception of fullness and body depends
on the molar mass distribution of the polymers [3, 13, 15].
Apart from cereal-based beverages, it has been shown that
polyphenols contribute to fullness or an astringent mouthfeel
in wine [17, 18]. Because sensory perceptions are often based
on synergistic effects, it is difficult to assign individual sub-
stance classes of polymers to specific sensory perception.
Therefore, the molar mass distribution is an effective analytical
index for the evaluation of palate fullness in beverages [13].

Despite being aware of these influences, body and palate
fullness of cereal-based beverages are often inharmonic and
not well understood. During malting and manufacturing pro-
cesses of cereal-based beverages, macromolecules are degrad-
ed and modified. These processes are classified into cytolysis
(i.e., degradation of cell wall polysaccharides), proteolysis
(i.e., degradation of proteins into amino acids/peptides), and
amylolysis (i.e., degradation of starch into fermentable carbo-
hydrates). As the molar mass distribution of beer can be influ-
enced by variations in the mashing regime and starch sources
[14], there is an increasing demand for the analytical charac-
terization of macromolecules for specifically tailoring bever-
age quality and sensory parameters.

Asymmetric flow field-flow fractionation (AF4) has been
shown to be an effective method for the separation of biopoly-
mers according to their diffusion coefficient. Despite the re-
semblance to liquid column chromatography, the AF4’s ad-
vantage is the absence of a stationary phase. The separation is
achieved without shear degradation [19-24], which is advan-
tageous, especially for a complex biogenic matrix in cereal-
based beverages [25]. Coupling online multi-angle light scat-
tering detection (MALS) with simultaneous concentration de-
tection (refractive index detection (dRI)/UV absorption) al-
lows the determination of molar mass and molar mass distri-
bution without standard calibration. The technique’s underly-
ing principle has been investigated in previous research
[22, 26, 27]. Due to different detection principles of the con-
centration detectors (dRI and UV detection), different classes
of polymeric substances can be distinguished. While all kinds
of polymers classes are detected by refractive index measure-
ment, only molecules with chromophoric groups show an ab-
sorption in the UV spectrum. This simultaneous evaluation of
refractive index detection and UV absorption has been suc-
cessfully applied for analyses of conjugated proteins [28].

The use of AF4/MALS coupled with dRI or UV detection
for analyzing (bio)polymers has been a field of active research
[13, 14, 24, 29-36], as recently reviewed by Nilsson [19] for
food macromolecules and by Malik et al. [37]. These studies
can generally be classified by the type of substance class
which they researched (mainly polysaccharides and proteins).
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All of these studies analyzed pure substance solutions isolated
from cereal extracts or food. However, only few studies deal-
ing with the separation and characterization of a complex
multi-component polymer solution via AF4/MALS have been
published [38-45]. AF4 coupled with MALS/dRI/UV detec-
tors has been carried out for the analysis of polysaccharides
and proteinaceous polymers in beer by Tiigel et al. [39]. The
authors declared that the early eluting UV active fraction con-
sists of proteinaceous molecules and they determined (3-
glucans in the high molar mass fraction [39]. Previous re-
search studied the influence of beer components [13], starch
sources, and mashing conditions [14, 46, 47] on the molar
mass distribution using an AF4/MALS/dRI/UV system.

However, there is still a lack of information on the identifi-
cation of polymers in an AF4 fratogramm of complex matrices
containing different polymeric substance classes. Some quality
and sensory effects of beverages cannot be ascribed to single
polymer classes in a complex medium, as previously men-
tioned. Therefore, there is a demand for the analytical charac-
terization of polymers in cereal-based beverages without prior
purification. This study proposes an analytical method to eval-
uate polymer composition and molar mass of the complex
matrix beer. The objective of this research was to develop a
systematic approach for identifying the different polymer clas-
ses in a native state within AF4 fractograms of a cereal-based
beverage by substance-specific degradation techniques. The
identifications were done by comparisons of the elution pro-
files of bright beer with specifically processed beers and spiked
beers. This approach enabled us to draw conclusions about the
type of substance class within the native chromatograms and to
gain deeper insights for the structural characterization regard-
ing substance class. The method is beneficial for the targeted
design of polymers in cereal-based beverages which can be
applied for monitoring and controlling of beverages’ quality
parameters (e.g., haze stability, foam stability, and the sensory
parameters mouthfeel and palate fullness).

Experimental
Approach

Commercial German lager beer (composition is depicted in
Table 1) was used as a yeast-fermented cereal-based beverage.
It was brewed with 100% malted barley in accordance with
the German purity law. Beer samples were degassed by 5 min
ultrasonic treatment before further analysis. First, the beer was
measured with an AF4/MALS/dRI/UV system in a native
state. According to the detector responses of the dRI and UV
detectors, predictions were proposed for the respective sub-
stance classes in the fractogram. Our predictions were tested
by comparing a beer sample to processed beer samples and
polymer standards. Processed samples included (1) protein
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Table 1  Composition of lager beer

Attribute Method Unit Value
Original gravity [48] wt% 11.7
Alcohol content [48] vol% 5.1
Real degree of attenuation [48] % 67.7
pH [48] 43
Color [48] EBC 6.5
Total nitrogen [48] mg/100 ml 67.9
Viscosity [48] mPa x s 1.556
[3-glucan [48] mg/l 138

adsorption with stabilization agents and SDS, (2) enzymatic
hydrolysis, (3) synthetic protein—polyphenol complex, and (4)
spiked beers with polymer standards. The effects of these
treatments were compared with the dRI and UV detector sig-
nals of the beers in a native state.

Protein adsorption/precipitation methods

Proteinaceous materials were precipitated by the incubation
with proteolytic stabilization agents bentonite (PanReac
AppliChem, Germany), silicagel (Becosorb®, Eaton,
Germany), and tannic acid (Brutan F, S.A. Ajinomoto
OmniChem N.V, Belgium). Bentonite was swollen for 24 h in
purified water before adding it to the sample. Bentonite was
added to beer (2.2% v/v) and stirred for 120 min at room tem-
perature. Samples were incubated with tannin (0.15% w/v) anal-
ogously with minor modifications. No swelling of the agent
was necessary, and the sample was incubated for 10 min while
stirring. Silicagel (1% w/v) treatment was conducted similarly
with an incubation time of 10 min while stirring. For all stabi-
lization methods, the precipitated material was removed by fil-
tering through a 0.45-pm membrane before analysis via AF4.

Beer proteins and glycocompounds were precipitated from
beer using the KDS and KDS—acetone method according to
Mainente et al. [49] with minor modifications. Sodium dodecyl
sulfate (SDS; Carl Roth®) was added to beer (0.2% w/v) and
was shaken for 30 min at room temperatures. After incubation,
the sample was subsequently boiled for 5 min. In total, 3 M KCl
was added to get a concentration of 400 mM and the sample was
shaken for 30 min. The sample was incubated for 18 h at 4 °C,
then centrifuged for 15 min at 4696xg at 4 °C. For AF4 analysis,
specimens were collected from the supernatants after the addi-
tion of SDS and after the addition of KCI. The glycocompounds
were removed from the supernatant after KDS precipitation by
addition of acetone (acetone/sample 4:1 v/v), and the sample
was incubated for 1 h at 0 °C. The organic solvent was evapo-
rated with a centrifugal vacuum concentrator (Eppendorf® con-
centrator 5301) at 30 °C for 30 min. The evaporation of acetone
was monitored gravimetrically. The pellet was discarded and the
supernatant was analyzed via AF4 analysis.

Selective enzymatic hydrolysis

Different enzymes were used for the selective hydrolysis of
different substance classes. Substance specificity and incubation
conditions of the respective enzymes are depicted in Table 2.
Enzyme dosage was chosen in an excess for entire hydrolysis
(dosage was adapted after pretrials and based on recommenda-
tion of the manufacturer). Activity was tested; pH was moni-
tored and constant. The proteinaceous polymers of lager beer
were selectively hydrolyzed by the endopeptidase Pepsin (Carl
Roth®, Germany). 3-Glucan was hydrolyzed by different com-
mercial enzyme-mixtures: Glucazyme™ (Megazyme, Ireland),
Cellulase (Megazyme, Ireland), and Westase (Takara, Japan).
Dextrins were hydrolyzed by the amylolytic enzyme mixture
Attenuzyme® Flex (Novozymes, Denmark). Enzymes were
inactivated by boiling the sample for 15 min after the incubation.
The evaporated water was compensated by gravimetrical addi-
tion of distilled water to initial weight. All samples were passed
through a 0.45-um membrane filter prior to analysis. Control
samples without enzymatic degradation were treated analogous-
ly. Refractive index signals and UV absorption of native en-
zymes (analogous concentrations; separation via AF4) were
subtracted from the corresponding detector signals. This enabled
the qualitative comparison of the sample signals without back-
ground signals of the added enzymes.

Qualitative comparison with pure substance solutions

[3-Glucan (barley, medium viscosity) and arabinoxylan
(wheat, medium viscosity) were purchased from Megazyme
(Ireland) and dissolved in purified water for a 60-min boiling
period (0.1% w/v). The evaporated water was compensated by
gravimetrical addition of distilled water to initial weight. Beer
and polysaccharide solution were mixed 1/1 v/v. The original
beer was diluted with distilled water to the same ratio.

Bovine serum albumin (BSA, Carl Roth, Germany) was
dissolved in purified water (0.05% w/v) and homogenized.
Complexes between BSA and tannin were formed by incubat-
ing a BSA solution with tannin (0.015% w/v) while stirring
constantly for 60 min at ambient temperature. The sample was
passed through a 0.45-pum membrane before analysis.

AF4 analysis equipment and separation conditions

Degassed samples were injected directly into the AF4 separa-
tion channel (long channel, Wyatt Technology Europe,
Germany). The height of the inserted spacer was 350 pum,
and the width was 21.5 mm at the widest position.. For sepa-
ration, a regenerated cellulose ultrafiltration membrane with a
nominal cutoff of 10 kDa (Millipore, PLGC membrane) was
used. The carrier liquid was supplied by an isocratic pump
(Agilent 1200 series). Eluent was 50 mM NaNO; with
0.025% (w/v) NaN;s added to prevent bacterial growth. A
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Table 2 Activity and specificity

of the used enzymes Enzyme Activity Incubation Dosage
Pepsin Endopeptidase 18 h, room temp. 0.068% wlv
Glucazyme™ Exo-1,3-3-glucanase, endo-1,3-f3-glucanase, 40 °C, 48 h 1:2000 vA?

chitinase, 3-glucosidase

Cellulase Endo-1,4-3-glucanase 40 °C, 48 h 1:2000 vA°
Westase [3-1,3-Glucanase, 3-1,6-glucanase 40 °C, 48 h 1:2000 vA*©
Attenuzyme® Flex Glycoamylase, x-amylase, pullulanase 40°C, 24 h 1:25,000 v/v

# Preparation according to Megazyme [50]

® Preparation according to Megazyme [51], dissolved in Mcllvain-buffer pH 4.5

¢ Preparation according to Takara [52]

membrane filter (0.1 um, Supor, Pall Corporation) was placed
between the pump and the auto-sampler to remove particles
from the eluent. The samples (100 puL) were automatically
injected by an auto-sampler (Agilent 1200 series). The AF4
instrument (Eclipse, Wyatt Technology Europe) provides the
control of the flow management for elution and focusing with-
in the separation channel. The injection flow was 0.2 mL/min
for 2 min. After injection, the sample was focused for 8 min
with a focus flow of 4.0 mL/min. The channel flow of the
following elution was set to 1.0 mL/min. Fig. S1 in the
Electronic Supplementary Material (ESM) illustrates the ap-
plied cross-flow gradient according to good fractogram prac-
tice [53]. The applied cross-flow was set to 4.0 ml/min for
5 min and decreased linearly in two steps. First, cross-flow
was reduced to 0.2 mL/min in 10 min and reduced to zero in
the following 10 min. The channel was then rinsed with eluent
for 21 min without cross-flow.

AF4 was coupled online with a DAD detector (Agilent
series 1200, set at 280 nm), a MALS detector (DAWN
HELEOS, Wyatt Technology Europe), and a dRI detector
(Agilent series 1260 RID VIS-Lamp). Data were recorded
by the software ASTRA (Wyatt Technology Europe, version
6.1.2). Blank runs were subtracted from the corresponding
detector signals. Baseline subtraction eliminated signal drifts
caused by fluctuations in the channel pressure or in the elu-
ent’s salt concentration. The volume delay between the ap-
plied detectors was eliminated by alignment to BSA [22].
Molar masses were calculated using Berry method for data
obtained at 57.0°-126.0° scattering angles and dn/dc values
were set to 0.185 mL/g (fraction 1) and 0.146 mL/g (fraction 2
and 3), according to previous studies [39, 46].

Results
Predictions of substance classes
Based on the separation principle of AF4, the low molar mass

components elute prior to fractions with higher molar mass as
shown in the AF4 fractogram of unprocessed bright beer
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(Fig. 1). For all samples, blank runs were subtracted to achieve
stable baselines. The fractogram was classified into distinct
fractions according to the elution profile of the refractive index
and UV absorption at 280 nm based on previous studies [39,
46] and known beer composition. The maximum signal inten-
sity of both signals was detected in the interval between 2 and
5 min immediately following the void peak. Two partial peak
maxima were observed within this fraction and were classified
into peak la and peak 1b (Fig. 1), respectively. Due to the
uniformity of refractive index and UV absorption, the elution
of proteins was assumed for fraction 1. The comparable re-
duced UV signal (in relation to dRI signal) in the interval
between 5 and 12 min was attributed to the elution of pro-
tein—polyphenol complexes (fraction 2). The gap between dRI
signal and UV absorption indicated the presence of another
substance class and a partial dRI maximum was observed at
15 min elution time (faction 3) which was assigned to the
elution of non-chromophoric cell wall polysaccharides.
Further, the presence of non-fermentable dextrins from an
incomplete starch hydrolysis was assumed. Each predicted
fraction was then verified by correlating the elution profile
of a bright beer with specifically processed beer or with spe-
cific spiked beers.

Proteins

The low molar mass fraction of beer’s elution profile with
high UV absorption and intense dRI signal was classified as
proteins in previous studies [39]. This allocation was con-
firmed in this study using a modified AF4 separation method
with baseline subtraction (Fig. 1). Since the dRI signal is not
substance-specific and proteins are UV active, the uniformity
of'both detectors, dRI and UV, indicates the elution of protein-
aceous material in fraction 1. This is further supported by
comparison with a protein standard. Bovine serum albumin
was used due to its similar molar mass compared to beer
proteins. Thereby the detector responses were compared using
identical separation conditions. The uniformity of dRTand UV
signals of a pure BSA solution (fractogram not shown)
showed an elution behavior resembling to the detector signals
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Fig. 1 Overlay of the normalized detector signals (black line refractive
index, red line UV absorption obtained at 280 nm, and blue line MALS
signal at 90° scattering angle) and black triangle molar mass (right axis)
of bright beer after separation via AF4. The fractogram was classified into
three fractions according to their detector-specific signal behavior: frac-
tion 1: low molar mass fraction (1040 kDa); fraction 2: middle molar
mass fraction (60400 kDa); fraction 3: high molar mass fraction (400—
1200 kDa)

in fraction 1 (Fig. 1). As the molar mass of beer proteins is
more or less comparable to the monomer of BSA (molar mass
66 kDa), this allocation was in agreement to previous results.

The selective removal of proteins by specific adsorption
and precipitation techniques (Fig. 2) confirmed this classifica-
tion. All proteolytic stabilization techniques caused a decrease
in the UV and dRI signals of fraction 1. However, the extent of
the signal decrease differed among the applied agents and their
specificity. For example, the dRI and the UV signals in frac-
tion 1 were merely attenuated by protein adsorption with
silicagel. The stabilization agents tannin and bentonite re-
moved low molar mass proteins almost completely (fraction
1), which correlated to an almost complete elimination of UV
absorption and the marked decrease in the dRI signal in frac-
tion 1. In addition, the decrease in the dRI signal and UV
signal in fraction 2 and 3 was observed due to dilution by
the aqueous bentonite solution.

The denaturation of proteins via SDS caused a decrease in
the UV and dRI signals of peak 1b (Fig. 3). After decreasing
solubility with KCI, a subsequent decrease of peak la was
obtained. As a result, non-glycosylated proteins were precip-
itated. The remaining UV and dRI signals were attributed to
the glycosylated proteins in beer. These glycocompounds
were precipitated from the KDS supernatants by acetone ac-
cording to a published method [49]. In this study, the organic
solvent was evaporated after precipitation. Hence, we were
able to draw qualitative conclusions from the AF4 analysis
of the resulting supernatants. The UV absorption and dRI sig-
nals were almost eliminated after the acetone precipitation
(Fig. 3). Thus, the elution of proteins in fraction 1 was evident;

1.0qa -

0.8 _

0.6 4 —

dRlI-signal

0.4 .

0.2+ B

0.0 T T T T T T T T !
04 5 10 15 20 25
£ Retention time (min)

UV-signal

T T
04 5 10 15 20 25

t Retention time (min)
Fig. 2 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line bright beer and

beer treated with proteolytic stabilizing agents (red line silica gel (1%
wiv), blue line tannic acid (0.115% w/v), green line bentonite (2.2% w/v))

however, two partial signals were detected at 5 min in the UV/
dRI signal and at 10 min in the dRI signal. The resuspension
of the pellet gave a qualitatively similar detector response
(data not shown). However, a partial elution of polyphenols
and polysaccharides in the supernatant was likely the cause.
Another method for identifying the different substance
classes in the fractograms was by using targeted enzymatic
hydrolysis. Samples were treated with acidic peptidase pepsin,
which hydrolyzes peptide bonds as an endo-enzyme, prior to
AF4 analysis. Based on the decrease of molar mass, hydroly-
sis products were discarded during focusing. Thus, the prod-
ucts with molar mass below the cutoff of the channel’s ultra-
filtration membrane did not affect the detector responses. The
enzymes used for hydrolysis are proteins with a molar mass
comparable to beer proteins; therefore, blanks of hydrolysis
enzymes were subtracted from the corresponding detector sig-
nals. Figure 4 shows the effect of enzymatic digestion on
proteinaceous macromolecules. A marked decline in refrac-
tive index and UV absorption was obtained for fraction 1.
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Fig. 3 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line bright beer and
overlay of beer treated with red line SDS (10% w/v), blue line SDS +
KCI insolubilization (400 mM), green line SDS + KCl + acetone
supernatant (solvent evaporated))

Protein—polyphenol complexes

Proteins and polyphenols from malt or hops often form com-
plexes which can cause turbidity in beer [54]. We predicted
that the plateau of the UV signal in fraction 2 was assigned to
those complexes. A model solution of protein—polyphenol
complexes was produced by incubation of a protein (BSA)
with tannic acid. These experiments merely allowed qualita-
tive assertions.

BSA was separated into the monomer, dimer, and trimer
fractions via AF4, and these structures were detected by uni-
form detector signals (Fig. 5). After incubation with tannic
acid, the formation of synthetic protein—polyphenol complexes
was detected in the fractogram by the dRI and the UV detector
(Fig. 5). The aggregation increased over time as evidence by a
signal increase in peak 2 and 3. Additionally, a shift of the peak
towards a higher retention time was observed which indicated
an increase in the molar mass occurred. The signals of the
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Fig. 4 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line bright beer and
red line bright beer hydrolyzed with pepsin (0.068% w/v). The pepsin’s
absorption was subtracted from the corresponding detector to inhibit
background signals

separated BSA monomer, dimer, and trimer structures de-
creased concomitantly. Since tannic acid’s molar mass is below
the cutoff of the ultrafiltration membrane, no signal was detect-
ed for the pure substance in solution (fractograms not shown).
Thus, we were able to establish that the presence of complexes
was due to interactions with BSA and tannic acid. The differ-
ences in both signal intensities were attributed to an increasing
amount of chromophoric tannic acid in the complex.
Therefore, the intensity of UV absorption was higher than the
dRI signal. According to the elution profile of the synthesized
compounds (Fig. 5), fraction 2 was identified as a partial elu-
tion of protein—polyphenol complexes.

Cell wall polysaccharides

Previous research assigned the high molar mass fraction of beer
to 3-glucan by enzymatic treatment [39]. Arabinoxylan is an-
other cell wall polysaccharide; however, it could not be identi-
fied by treatment with a xylanolytic enzyme previously [39]. In
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Fig. 5 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line BSA (0.015% w/
v) and a protein-polyphenol complex, which was synthetically created by
the addition of tannic acid: red line BSA + tannic acid (0 h), blue line
BSA + tannic acid (24 h), and green line BSA + tannic acid (48 h)

this study, we qualitatively assigned fraction 2 and 3 to the cell
wall polysaccharides arabinoxylan and [3-glucan. A correlation
procedure was carried out by comparison of the detector re-
sponse of native beers and spiked beers. Therefore, the cell wall
polysaccharides (3-glucan (Fig. 6) and arabinoxylan (Fig. 7)
were spiked into base beer. Pure polysaccharides were eluted
at retention times between 5 and 23 min. Due to spiking, dif-
ferences in the elution profiles were observed at retention times
between 10 and 23 min. As predicted, spiking beer with poly-
saccharides solely resulted in an increase in the dRI signal. The
slight UV absorption of arabinoxylan at higher retention times
(22 min) indicated the presence of chromophoric ferulic acid
(Fig. 7) [55] and by scattering of the UV signal. Ferulic acid can
be covalently bound to some arabinofuranosyl residues within
the arabinoxylan structure [56]. Additionally, the slight UV
signal in the low molar mass fraction of (3-glucan (Fig. 6) was
ascribed to impurities of the commercial standard with protein-
aceous molecules (0.12%, as specified by the supplier [57]).
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Fig. 6 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line bright beer, red
line arabinoxylan (0.1% w/v), and blue line beer spiked with
arabinoxylan (0.1% w/v)

However, the UV absorption signals caused by protein impuri-
ties and ferulic acid were neglected. Since variations were only
detected in the refractive index signals, the elution of cell wall
polysaccharides was evident.

Similar to verifying the assignment of proteins by enzymat-
ic hydrolysis, different enzyme cocktails for cytolytic degra-
dation were used. Hydrolysis products with molar masses be-
low the cutoff of the ultrafiltration membrane were again
discarded during focusing. In addition, enzymes were
inactivated by boiling. Boiling had no effect on the UV and
dRI signals (results of pretests not shown). This step was
crucial as it prevented hydrolysis of the ultrafiltration mem-
brane within the AF4 separation channel. The elution profiles
of lager beer and lager beer hydrolyzed with different (3-
glucanases and cytolytic enzymes are shown in Fig. 8. For
all hydrolytic enzymes, a marked decrease in the dRI signal
for fraction 2 and 3 was observed, while the UV signal
remained almost constant. Thus, the partial elution of 3-
glucans in the high molar mass range (5-20 min) was verified
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Fig. 7 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line bright beer, red
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due to the detector responses after enzymatic hydrolysis.
However, slight differences were observed according to the
respective specificities of the applied enzymes. The slight de-
crease of UV absorption in the high molar mass range is based
on the hydrolysis of fibers, which are partly associated with
proteins or polyphenols [58]. Even though these protein
—polyphenol complexes are present in minor concentrations
compared to the native fibers [58], they contribute to the de-
crease in UV absorption.

Dextrins

Dextrins are degradation products of an incomplete starch
hydrolysis, which cannot be assimilated by yeast. We evalu-
ated the dextrin fraction in the fractogram by enzymatic hy-
drolysis similar to previous classifications. Therefore, an am-
ylolytic enzyme cocktail including glycoamylases and
pullulanases was used for degradation. Figure 9 shows the
effect of this degradation. A decrease of the dRI and UV signal
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beer hydrolyzed with cytolytic enzymes (red line cellulase, blue line
glucazyme, green line westase). The signals caused by the native
enzyme were subtracted from the corresponding baseline to inhibit
background signals

was observed for all fractions; however, the intensity of the
UV reduction was less pronounced. The decrease in UV ab-
sorption might be assigned to the cleavage of glycosylated
proteins by amylolytic enzymes. These results support the
inference that dextrins contribute to beer’s polymeric sub-
stances and that their molar mass is broadly distributed.

Discussion

Asymmetrical flow field flow fractionation is a robust and
non-destructive method for separation of bio-macromole-
cules. Combining these techniques with MALS and simulta-
neous concentration detection provides the possibility to ob-
tain detailed information on molar mass and conformation of
polymers in a native state without the need of calibration.
However, this technique has been rarely applied to the sepa-
ration of complex multi-component solutions. The purpose of
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Fig. 9 AF4 fractograms of normalized refractive index (a) and UV
absorption signals (280 nm, b). Overlay of black line bright beer and
red line bright beer hydrolyzed by Attenuzyme® Flex (1/25,000 v/v).
The enzyme’s absorption was subtracted from the corresponding
detector to inhibit background signals

this study was to develop a systematic approach for identify-
ing different substance classes in fermented cereal-based bev-
erages in particular beer. We used an AF4 separation tech-
nique coupled to MALS and two different concentration de-
tectors (refractive index detection and UV absorption at
280 nm).

Lager beer was separated via AF4 without prior purification
and classified into one broadly distributed fraction and three
distinct fractions based on elution behavior and detector spec-
ificities. Thereby, separation conditions with a flow rate of
4 mL/min for focusing flow and initial cross-flow were used.
This delivered a maximum resolution especially for the low
molar mass fraction, which elutes first. Baselines obtained
from blank samples were subtracted from the corresponding
detector signals. Hence, signal drifts caused by fluctuations of
pressure and eluent concentration were eliminated. Qualitative
and quantitative information (quantitative determination of
peak areas) was collected from the resulting fractograms.

Collecting the results of fraction 1, the polymers eluting
first were assigned to beer proteins. This assignment was ver-
ified using substance-specific degradation techniques adapted
from established stabilizing techniques for beer. A decrease in
signal intensity of dRI and UV signal was observed for all
applied stabilization agents. The specific precipitation with
KDS and KDS acetone and the enzymatic degradation of pro-
teinaceous material confirmed this classification. Here, a sim-
ilar decline in both detector signals was obtained. Considering
the detector’s specificities, the decreases of both detector sig-
nals were plausible. These results are in accordance with ear-
lier studies [39]. However, Tiigel et al. classified the protein-
aceous materials solely according to detector specificity with-
out further purification treatments [39]. In this study, the elim-
ination of fraction 1 was incomplete due to selective precipi-
tation properties of each stabilizing agent. Silicagel specifical-
ly adsorbs haze-forming proteins, while the foam-positive in-
gredients are not affected [3, 59]. Further, commercial lager
beer used was pre-stabilized with a lower amount of silica gel
by the manufacturer. Hereby, the haze-active proteins were
already precipitated by the brewer but with a less exhaustive
technique. Thus, the low attenuation of both detector signals
for fraction 1 was explained by silica gel’s high specificity.
Since complexation with tannic acid and adsorption to ben-
tonite are less specific, the decline in both detector responses
was more pronounced in fraction 1. A decline in the signal
intensities was also observed for fraction 2, since this area was
qualitatively assigned to protein—polyphenol complexes,
which were partly precipitated by the less selective agents
bentonite and tannic acid.

The selective precipitation using the KDS/KDS acetone
method [49] enables a distinction between non-glycosylated
and glycosylated proteins. Applying the KDS method, the
reduction of the detector signals was almost identical com-
pared to the selective stabilization techniques. An almost com-
plete elimination of the UV signal was achieved after the
precipitation of glycosylated proteins by acetone. Thus, frac-
tion 1 was classified as proteinaceous material using the KDS/
KDS acetone method.

Enzymatic hydrolysis of proteinaceous material by the
endoprotease pepsin resulted in a distinctive decrease in both
detector signals in fraction 1. However, the reduction of both
signals was incomplete due to a partial resistance of glycosyl-
ated proteins to pepsin hydrolysis [60, 61].

In general, the classification of proteinaceous material in
fraction 1 was verified. The applied method gave a maximum
resolution especially in the low molar mass fraction (fraction
1). This enabled us to gain more insights compared to earlier
research [39]. Thus, we were even able to differentiate two
partial peaks 1a and 1b, which were assigned to beer proteins
differing in size and translational diffusion coefficient (Fig. 1).
The discrepancy in signal height for peak la and 1b (R/UV
ratio) was detectable due to different degrees of glycosylation.
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Since glycosyl substituents are not UV active, different degrees
of glycosylation were observed at peak la and 1b (Fig. 1).

In fraction 2 and 3, the dRI and UV signal exhibited a non-
uniform and subsequently diverging detector signals (partial
dRI maximum at 16 min). Thus, a coelution of chromophoric
(protein—polyphenol complexes) and non-chromophoric sub-
stance classes (cell wall polysaccharides) was assumed for the
middle (fraction 2) and high molar mass fraction (fraction 3) of
the fractogram. The presence of protein—polyphenol complexes
was verified for fraction 2 and 3 by a qualitative alignment with
a synthetic solution of BSA and tannic acid. The formed com-
plexes were detected by the dRI and UV detectors. Hence, the
plateau of the UV absorption in fraction 2 and 3 was attributed
to protein—polyphenol complexes by an alignment of elution
time and detector responses. In contrast to the plateau and the
following decrease in UV absorption in fraction 2 and 3, the dRI
signal exhibited a divergent detector response. As polysaccha-
rides are non-chromophoric and were verified in the high molar
mass fraction, this gap between dRI and UV signal was appar-
ent. 3-Glucans, as the major cell wall polysaccharides, were
detected in the high molar mass fraction (fraction 2 and 3) by
enzymatic treatment in accordance with previous research [39].
Due to different specificities of the applied enzymes, [3-glucans
in the high molar mass fraction could be assigned to malt and
yeast origin. The alignment of spiked beers confirmed the re-
sults from the enzymatic hydrolysis. Another cell wall polysac-
charide arabinoxylan (purified from wheat) exhibited similar
results. Thus, the high molar mass fraction was attributed to
the elution of cell wall polysaccharides.

Protein—polyphenol complexes exist in beer, depending on
the type and intensity of the brewer’s stabilization technology,
vary in molar mass, and increase during beer storage. They
can be precipitated by the addition of the stabilization agents,
bentonite and tannic acid. Thus, the decrease in both detector
signals in fraction 2 after treatment with bentonite and silica
gel (as mentioned before) was in accordance with the assign-
ment of fraction 2 to protein—polyphenol complexes.

Dextrins were identified by enzymatic hydrolysis within the
whole fractogram area. Previous research did not examine the
macromolecular dextrin fraction in beer [39]. These polysac-
charides derive from an incomplete starch hydrolysis during
the mashing process [62]. Glycooligosaccharides and dextrins
are not fermented by yeast during fermentation. Thus, they
remain in the medium through the whole process and influence
especially sensory attributes in beer [13]. Their concentration
and molar mass can be influenced by mashing regime [14].

This polydisperse dextrin fraction overlay the previously
classified fractions. Generally, there is no sharp cutoft be-
tween different substance classes in the beer fractograms.
Coclution between classified fractions has to be taken into
consideration. The classification of the beer fractogram was
assigned by the major distinctions in the detector responses of
the applied detectors. Thus, a partial (low molecular weight)
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amount of protein—polyphenol complexes is also evident in
fraction 1. Since these protein—polyphenol complexes are re-
sistant to pepsin hydrolysis [63], the incomplete decline of
both detector signals after the hydrolysis with pepsin was
apparent.

Based on these results, it was possible to characterize poly-
mers in complex multi-component solutions according to their
class of substance, structure, and size. This analysis provides a
tool for the specific characterization of macromolecules in
cereal-based beverages. The gained insights are beneficial
for the monitoring and technological adjustment of hydrolysis
processes. Thus, beverages’ quality parameters foam, haze
stability, and especially sensory profiles (palate fullness and
mouthfeel) can be modified during the manufacturing process.
Moreover, the insights can be applied for the analytical char-
acterization of lactic acid fermented cereal-based beverages
and non-alcoholic beers.

Conclusions

The objective of this study was to develop a systematic ap-
proach for identifying different polymer substance classes in
beer fractograms by substance-specific degradation tech-
niques. The AF4 fractogram of beer was classified into three
distinct fractions and one fraction, which is distributed over the
whole fractogram. The low molar mass fraction (fraction 1)
was aligned to the elution of proteinaceous material in beer
deriving from malt and hops with different degrees of glyco-
sylation. The second fraction was classified into protein—poly-
phenol complexes with a partial coelution of cell wall polysac-
charides. Finally, the high molar mass fraction (fraction 3) was
identified as cell wall polysaccharide, 3-glucan, and
arabinoxylan with a low amount protein association. Dextrins
derived from incomplete starch hydrolysis were verified for all
fractions in the fractogram. Thus, the molar mass distribution
of the dextrin fraction is polydisperse, and they overlay the
previously classified distinct fractions.

This approach allows specific analysis of beverages’ poly-
mers: proteinaceous material in beer can be analyzed with deg-
radation methods (stabilizing agents, KDS precipitation, enzy-
matic hydrolysis). Glycosylated proteins were precipitated by
KDS acetone precipitation. Cell wall polysaccharides were hy-
drolyzed by cytolytic enzymes. Thus, different polymer classes
can be analyzed targeted in cereal-based beverages.

These findings are beneficial for the design of polymers in
cereal-based beverages. It provides a tool for monitoring and
controlling the polymer-dependent quality aspects (e.g., haze
stability, foam) and especially sensory profiles of beverages
(palate fullness and mouthfeel). The results enable a high ap-
plication potential for the use of an AF4 multi-detection sys-
tem for brewing studies.
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