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Abstract

Background and Objectives: Cereal-based bioethanol stillage, the main
by-product of industrial bioethanol production, is a potential substrate for
fructans. However, the quantification of fructans in such complex sample
matrices is still a challenge for the corresponding analytics to be overcome to
allow for the identification and utilization of such unused fructan sources.
Especially a possible utilization or rather the corresponding process develop-
ment requires appropriate analytics first. Thus, this paper aims to develop and
apply a method for fructan quantification in bioethanol stillage using common
a high-performance liquid chromatography-refractive index detector.
Findings: A new approach for fructan quantification is presented allowing for
simple fructan determination in bioethanol stillage for comparably high
sample throughput. The developed analytical method performs fructan
quantification by means of fructose- and glucose-equivalent determination
after targeted acidic hydrolysis adapted to the respective sample matrix. On the
basis of this method, up to 2.5% of fructans were found in the dry matter of
cereal-based bioethanol stillage.

Conclusion: Cereal-based bioethanol stillage is assessed to be a potential
source of fructans. The presented analytical method can be the basis for
respective process development and, thus, may contribute to a higher-value
utilization of stillage.

Significance and Novelty: According to current knowledge, no determina-
tion of fructans in stillage or corresponding analytical methods have been
published so far.
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1 | INTRODUCTION

The generic term fructans is used for carbohydrates almost
exclusively consisting of fructose monomers with a linear
or a branched molecular structure. Fructans are stored in
leaves, bulbs, tubers, and roots as carbohydrate reserves.
Typically larger quantities can be found in plants, such as
chicory (20%-25%FM [fresh mass]) or artichoke (15%-20%
FM) (Jovanovic-Malinovska et al., 2014). Furthermore,
grasses and, thus, cereals, such as wheat (1%-2%DM [dry
matter]) and rye (2%-6%DM), contain fructans in notice-
able amounts (Karppinen et al, 2003; Verspreet
et al., 2012).

Besides the term fructans, numerous names exist in
literature with more or less the same meaning. Never-
theless, different terms may partly describe differences in
the respective molecular structure (e.g., type of glycosidic
bond, chain-length). For example, short-chain fructans
with a degree of polymerization (DP) smaller than 10 are
usually called fructooligosaccharides (FOS). Fructans can
also be differentiated with regard to their type of glyco-
sidic bond. The inuline-type fructans consist of $-2,1-
glycosidic bonds (Figure 1), while in the phlein-type
(or levan-type in the case of microbial origin) (-2,6-
glycosidic bonds are present (Figure 2). Fructans, in-
cluding both 3-2,1- as well as -2,6-glycosidic bonds, are
called graminan- or just mixed-type. However, by far
most literature addresses inulin-type fructans (van den
Ende et al., 2002).

Due to their synthesis from sucrose, the fructan sac-
charide chain contains one terminal glucose molecule
(G) linked by an a-1,2-glycosidic bond to a fructose unit
(F). For this reason, GF,, is an appropriate and commonly
used abbreviation for fructans containing a glucose unit
originating from the precursor sucrose (GF) with a
fructose chain (F,) of varying length. Nonetheless, there
are native F,GF,,-type fructans as well, including one
internal glucose unit (Pavis et al.,, 2001). In general,
fructans of the GF,-type and F,,GF,,-type are nonredu-
cing saccharides as their anomeric hydroxyl groups are
interconnected. Accordingly, a ring opening with sub-
sequent oxidation toward the corresponding carboxylic
acid is prevented. In case of the terminal glucose unit
missing (e.g., due to partial hydrolysis), a fructan only
consists of fructose molecules (F,-type) and, thus, has a
reducing end. This fact is important as carbohydrate
analysis frequently makes use of this reducing character
(e.g., colorimetric methods using 3,5-dinitrosalicylic acid)
and hence does not include native nonreducing fructans
(Lichtenthaler, 2000; Miller, 1959; Tomasik, 2004).

As fructans are nondigestible for humans while si-
multaneously enhancing intestinal bacterial growth
being beneficial for the host's health, fructans are part of

FIGURE 1 Inulin-type fructan with $-2,1-bonds
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FIGURE 2 Phlein-type fructan with $-2,6-bonds

prebiotic dietary fiber. Additionally, their functional
properties allow for usage as a fat-replacer, texturizer, or
low caloric sweetener (Elvers, 2016). Consequently,
fructans are an attractive ingredient for food products
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with increasing importance due to a continuously
growing prebiotic market (Sukumaran & Gopi, 2021).

Besides plants, complex sample matrices like residues
from industrial biomass processing (e.g., chicory roots;
Zimmermann et al.,, 2021) can contain fructans. Thus,
such residues can be promising resources for higher-
value products like prebiotics for feed and food applica-
tions. In this context, bioethanol stillage is particularly of
interest as a promising source of fructans. As the main
by-product of bioethanol production, stillage is globally
available in large quantities (Kaltschmitt et al., 2016). If
obtained from cereal-based bioethanol production, sig-
nificant amounts of fructans can be expected within the
respective stillage as their content in the initial cereal is
comparably high (Karppinen et al., 2003). According to
current knowledge, no determination of fructans in stil-
lage or respective analytical methods have been pub-
lished so far.

In principle, fructan quantification is based on the
determination of its monomeric hexose equivalents. This
means, fructans are hydrolyzed by either enzymes or
acids and the released glucose or primarily fructose
molecules are quantified. Nevertheless, quantitative
fructan analysis is still a major challenge. This is espe-
cially true for unknown samples additionally containing
other polysaccharides. In the case of stillage, its complex
composition impedes the determination of specific car-
bohydrate compounds and analytical methods for com-
parable sample matrices are rare and laborious (Reis
et al., 2017). However, if such potential fructan sources
are to be used, simple analytical methods for high sample
throughput are required not only for the identification of
fructan sources but especially for respective utilization
and process development.

Against this background, this paper summarizes the
state of knowledge in quantitative fructan analysis and
discusses its main challenges. Based hereon, a new and
simplified approach to fructan analysis adapted to bioe-
thanol stillage using a common high-performance liquid
chromatography-refractive index detector (HPLC-RID)
system is presented. Finally, the developed analytical

Milling

Saccharification ~ Fermentation

method is applied to a specific bioethanol stillage to show
the applicability and the results to be expected.

1.1 | Bioethanol stillage

Stillage is the main by-product of bioethanol production
(Figure 3). In the case of cereal-based ethanol produc-
tion, the respective processing generally includes mil-
ling and saccharification of the raw cereal grains
followed by alcoholic fermentation. Subsequently, raw
ethanol (including water) is obtained by distillation. The
aqueous residue from distillation called stillage is
mainly used for low-value applications, such as biogas
production or cheap animal feed. By means of solid-
liquid separation (e.g., decanter) this (whole) stillage
can be separated further into suspended solids and a
liquid fraction (thin stillage) (Kaltschmitt et al., 2016).
Especially the latter is expected to contain soluble sac-
charides such as fructans usually being highly water-
soluble. Alone within the EU, about 4.7 Mt DM of
stillage was produced in 2016 potentially containing
fructans (Lamp et al., 2020).

1.2 | Common analytical methods for
fructan quantification

The main problem of quantitative fructan analysis is the
lack of available standards, especially in the case of
fructans with DP > 5. Therefore, quantitative fructan
analysis is almost exclusively performed by quantifying
the comprised hexose equivalents (i.e., glucose and
fructose) within a fructan molecule after hydrolysis
(Hoebregs, 1997). In general, state-of-the-art fructan
analysis always includes the following steps, which also
apply to the described methods in the following.

1. Extraction of fructans from the sample matrix and

determination of free glucose and fructose in the
extract.

— Thin stillage

A |

—> WDG

,—> Ethanol

—

L Whole stillage

Distillation

Centrifuge/Decanter

FIGURE 3 Schematic flow chart of a conventional bioethanol production. WDG, wet distillers grain
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2. (Selective) hydrolysis of the fructans by means of en-
zymes or acids and determination of the released
glucose and fructose.

3. Calculation of the original fructan amount by means
of the released glucose and fructose equivalents.

The widely used and approved methods of the Asso-
ciation of Official Agricultural Chemists (AOAC), method
999.03 and method 997.08, are both applicable for fructan
determination. Commonly these are used for foods and
differ, inter alia, in the method of monosaccharide ana-
lysis (Hoebregs, 1997; McCleary et al., 2019, 2000).

1.2.1 | AOAC method 997.08
(AACC 32-31.01)

Method 997.08 (Figure 4, left) is based on HPLC ana-
lysis requiring three chromatographic runs to quantify
the fructans. Fructose and glucose are the carbohy-
drates of interest and their respective amounts F; and
G; are quantified in each step i. Hence fructose and
glucose released from fructans can be determined. The
total fructan amount Sgyctan 1S (re)calculated according
to Equation (1). By means of the anhydrous factor k
(Equation 2), the water uptake per monomer (during
hydrolysis) is taken into account. This factor requires

1. Extraction v
Extract Extract
F, and G,
2. Enzymatic hydrolysis
of interfering substances ’
Mono- Mono-
saccharides saccharides
F, and G,

5

3. Enzymatic
hydrolysis of fructans

3. Reduction of
reducing sugars

A 2

Mono- Reduced

s@cl’narndcs — sugars
F; and G;
4. Enzymatic hydrolysis
of fructans 1!
Mono-
saccharides
S(iFn
Chromatography Spectroscopy

e

Fructan = Sgg,

v
Fructose and glucose
measurement

Fructan = S;- S,-S,

FIGURE 4 Schematic diagram of AOAC method 997.08 (1.)
and 999.03 (r.); Saccharides S (glucose G and fructose F)

the fructans' average degree of polymerization (DP,,)
to be estimated by the ratio of fructose units per
terminal glucose unit (Equation 3); that is, the ratio of
fructose and glucose released during step 3 (Figure 4,
left). Alternatively, k=162/180=0.9 (molar mass of
the anhydrous hexose form divided by the molar mass
of a hexose molecule) can be assumed for the anhy-
drous factor, for example, in the case of F,-type fruc-
tans (Bosscher, 2009; Liu et al., 2011). The additional
quantification of the initially present sucrose (step 1)
allows for subtracting out the correspondingly released
fructose and glucose and, thus, avoids a fructan
overestimation.

Method 997.08 enables the determination of redu-
cing and nonreducing fructans. It is well suited for
relatively pure ingredients, as in such cases, step 2 (for
interfering polymers) is not necessary. However, if
fructose-containing polymers are not detected or only
partly taken into consideration within step 2, an
overestimation of fructose and, thus, of fructans in step
3 is the result. This applies to glucose-containing
polymers as well.

Structan = k (F3 -E-F+G -G, - Gl)s (1)

180 + 162(DBy — 1)

k 9
180DB,, @
F,—-—F, —F
DB, = S B R U 1, 3)
G;— G, — Gy

in which F; and G; is the amount of fructose and glucose,
respectively, where the index i is referred to in Figure 4.

1.2.2 | AOAC method 999.03
(AACC 32-32.01)

In contrast, method 999.03 is more suitable for samples
with high contents of fructose, glucose, and/or respective
interfering polysaccharides as disturbing carbohydrates
are chemically reduced before the fructan hydrolysis
(Figure 4, right). The measurement principle is here
based on spectroscopy for reducing saccharides. After
fructan hydrolysis, the released reducing saccharides
(fructose and glucose) are determined by means of hy-
droxylbenzoic acid and a spectroscopic measurement
with 410 nm (PAHBAH method) (McCleary et al., 2000).
On this basis, the total fructan content is recalculated via
the sum of released fructose and glucose molecules
multiplied with the anhydrous factor k =0.9.

Method 999.03 decreases the analysis expense sig-
nificantly, as only one analysis step is necessary.
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However, this procedure does not distinguish between
fructose and glucose and, thus, no determination of DP,,
is possible. Consequently, this approach may be com-
bined with a chromatographic analysis, instead of the
spectroscopic measurement, allowing a separate de-
termination of glucose and fructose and, thus, DP,,.
Nevertheless, the reduction step before fructan hydro-
lysis is not only extra effort but affects fructans of the
F,-type as well and might lead to an underestimation of
the fructans as a result of partial recovery (up to about
20% error) (Steegmans et al., 2004). On the other hand,
the presence of galactooligosaccharides (GOS) such as
raffinose-derived stachyose may result in a fructan
overestimation as they contain fructose and glucose as
well. As these saccharides are nonreducing, GOS is
not oxidized in step 3 but is partly hydrolyzed in
step 4 (Figure 4, right). Thus, the use of galactosidase in
step 2 may be additionally necessary to avoid a respective
fructan overestimation (McCleary et al., 2019).

1.3 | Challenges in fructan
quantification

Apart from the outlined method-specific difficulties
above, fructan quantification is generally faced with two
main challenges. On the one hand, fructans need to be
hydrolyzed as specifically and completely as possible
while not degrading the released fructose and glucose.
On the other hand, these two hexose monomers need to
be reliably determined (ideally separated from each

other) next to interfering substances like other
monosaccharides.
1.3.1 | Aimed fructan hydrolysis

The lack of analytical standards and, thus, the necessity
for a hydrolytic step results in the need for a complete
but simultaneously selective fructan hydrolysis. This is
especially valid if other glucose- and fructose-containing
saccharides (e.g., sucrose or starch) are present because
of interferences and, thus, an overestimation of the
fructan content results.

For this reason, the methods outlined above use
specific fructanase enzymes for selective hydrolysis.
Nonetheless, these procedures require numerous analy-
tical steps, making them laborious and cost-intensive
and, thus, large sample volumes are difficult to handle.
As a result, there are lots of modifications described in
the literature with the aim of being simpler. These
modifications all differ with regard to sample prepara-
tion, hydrolysis procedure, and subsequent carbohydrate

analytics, each with different assets and drawbacks
(Benkeblia, 2013; Matros et al., 2018).

Besides enzymatic hydrolysis, mainly acidic hydro-
lysis for fructan quantification has been used. There
are many approaches describing different hydrolytic
conditions with variation in hydrolysis temperature
(Sangeetha et al., 2005), hydrolysis time (Nguyen
et al., 2009), and used acids (mostly hydrochloric acid;
Liu et al., 2011; Verspreet et al., 2012) and sulfuric acid
(Nguyen et al., 2009). The principle for fructan quanti-
fication is always analogous. However, for acidic hydro-
lysis, a conflict of objectives remains. On the one hand,
complete hydrolysis should be achieved, and on the
other, a complete determination of the released glucose
and fructose equivalents is envisaged. The latter is im-
peded by acid-induced consecutive reactions. Especially
the instability of fructose may cause problems leading to
the formation of hydroxymethylfurfural (HMF). As other
hexoses like galactose or mannose are basically able to
form HMF as well, the fructan amounts are potentially
falsified if HMF (of non-fructan origin) is considered in
the calculation thoughtless (Kuster, 1990). Nonetheless,
acidic hydrolysis has clear advantages like a simple im-
plementation and no need for expensive plus partly
rarely available enzymes. Thus, this approach is more
suitable for routine analyses with large sample volumes.
Additionally, mild acidic hydrolysis can be relatively se-
lective with regard to fructans and may not hydrolyze
starch, cellulose, or hemicellulose, if adapted corre-
spondingly to the sample matrix as the latter ones are
more stable against temperature and acids (Verspreet
et al., 2012).

1.3.2 | Hexose equivalent analysis
Complete fructan determination may also be impeded by
the subsequent monosaccharide analysis. After the hy-
drolytic step, the released fructose and glucose mono-
mers need to be quantified. In the case of complex
sample matrices like stillage comprising interfering sub-
stances, the differentiation and, thus, the correct quan-
tification of fructose and glucose may cause problems.
Here, HPLC is the method of choice using either RID
(Weif3 & Alt, 2017), evaporative light scattering detection
(Alassali et al., 2017; Kiss & Forgo, 2011), mass spectro-
metry (Apolinario et al., 2014), or pulsed amperometric
detectors (Liu et al., 2011; Verspreet et al., 2012). RID is
commonly used for carbohydrate and, thus, fructan
analysis as it is a simple and robust measuring principle.
However, RID has relatively high detection limits, offers
no selective detection, and can only be operated in iso-
cratic mode (Alassali et al., 2017). Thus, the resolution is
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limited by the used column only and may not be im-
proved by an eluent gradient. Depending on the used
column, monosaccharides like fructose, glucose, xylose,
and/or arabinose strongly interfere, coelute, and/or
overlay in the resulting chromatogram impeding the
determination of fructose and glucose (Weil &
Alt, 2017).

The outlined problems especially in terms of coelu-
tion are hardly described in literature on fructan analysis
so far. However, within the scope of this paper coelution
of monosaccharides has been found to be significantly
impeding the analyses.

So far, fructan analysis usually deals with the analysis
of comparatively fructan-rich plant materials. However,
when it comes to sampling matrices with low fructan
contents, hardly any literature exists and reliable values
are rare (e.g., stillage). Even though HPLC-RID is com-
monly used, interferences by other substances are fre-
quently neglected in the literature related to fructan
analysis. Together with the outlined aspects above, sev-
eral challenges have to be faced during fructan analysis
of unknown samples like stillage, especially if interfering
substances have to be expected. Consequently, the ex-
isting analytical procedures need to be modified and
adapted to the respective sample matrix (here: stillage
from bioethanol production) being the main objective of
this paper. An enzymatic approach was considered to be
poorly suitable in this context, since being costly and
time-consuming and, thus, unsuitable for a large number
of samples.

2 | MATERIALS AND METHODS

2.1 | Materials

Chemicals and calibration standards were obtained from
Merck and Carl Roth: Glucose (ACS, anhydrous), fruc-
tose (299%), xylose (=99%), arabinose (=99%), sucrose
(299.5%), hydroxymethylfurfural (97%), fructooligo-
saccharides from chicory (290%), and inulin from dahlia
tubers. Sulfuric acid (96%, H,SO,) for hydrolysis and for
the preparation of the mobile phase were also purchased
from Carl Roth. Calcium carbonate (CaCOs;) for neu-
tralization was obtained from Merck.

The liquid fraction of stillage after decantation (thin
stillage, Figure 3) from a bioethanol production plant
processing cereals (here: rye and triticale) is used. The
received raw thin stillage was freeze-dried, fine groun-
ded, and passed through a 1.0-mm sieve. These samples
were stored tightly sealed at 4°C. For further use, the
dried samples were mixed with distilled water and re-
solved at about 80°C for 15min in a water bath.

Subsequently, the samples were cooled to room tem-
perature and centrifuged with 4500 min™" for 30 min to
remove the insoluble material. The resulting supernatant
of this centrifuged thin stillage is used in the following.

2.2 | Severity factor

The severity factor is a conceptualized variable expres-
sing the combination of time, temperature, and acid
concentration (pH value), predicting conditions that re-
sult in similar hydrolysis yields. The severity factor might
be used to compare conditions of a treatment (here:
acidic hydrolysis) according to the below equations
(Andersen et al., 2020):

l0g,(Ro) = logy, [t X exp(%]} @

log,,(Ry) = log,,(Ro) + IpH—7I, (5)

in which R, is the combined severity factor comprising
the hydrolysis temperature & in °C and the reaction time
t (min); Ry’ is the severity factor additionally including
the pH and, thus, the acid concentration.

2.3 | Final method
The developed analytical method (Figure 5) for the
quantification of fructans in bioethanol stillage is the
main result of this paper and the outcome of the method
development described below.

For fructan hydrolysis, a reaction cell (16 mm,
pressure-tight with screw cap) containing 10 ml of the

‘, 1. Extraction

Extract

F, and G,

! 2. Optimized acidic

+ fructan hydrolysis

Mono-
saccharides

F, and G,

Chromatography

L

Fructan = G, -G, +F, - F,

Fructose and glucose
measurement

FIGURE 5 Schematic diagram of the developed method for
fructan determination
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prepared stillage supernatant is incubated in a thermo-
reactor (Spectroquant TR420; Merck) at 100°C for 80 min
with a final H,SO, concentration in the sample of
0.25 wt%. To keep the total volume and, thus, the con-
centration of the resulting acidic sample constant, 72%
H,SO, is used for acidification as volume changes can
be neglected due to volume contraction. After incuba-
tion, the reaction cell is cooled in a water bath and
neutralized with CaCO;. The pH value should be ad-
justed to about 6 as CaCOj is poorly soluble and, thus,
the neutralization reaction may slowly continue. For
this reason and to minimize foaming, CaCO; should be
added slowly. The neutralized sample is centrifuged for
20 min with 4500 min~" to remove the formed calcium
sulfate (CaSO,) and the excess CaCOs;. Subsequently,
the supernatant is centrifuged again with 14,000 min™"
at 4°C for 30 min before analysis to guarantee a particle-
free sample for HPLC analysis. Similarly, a respective
nonhydrolyzed stillage sample is centrifuged with
14,000 min~" for 30 min before HPLC analysis for de-
termining the free monosaccharides before hydrolysis.

An Agilent 1260 Infinity II LC system with an RID is
used for carbohydrate separation by means of both an Agi-
lent Hi-Plex H column (7.7 X 300 mm, 8 um) and Hi-Plex Pb
column (7.7%x300mm, 8um), each with the respective
guard column. In the case of the Pb column, an additional
deashing guard column (Bio-Rad) is required for ion re-
moval. This means two chromatographic runs are performed
in succession with their respective HPLC conditions. The
detection was done by a refractive index detector operating at
55°C. The injection volume was >10 ul. The fructan content
was calculated based on DM of the stillage analogous to
Equations (1) to (3) via the fructose and glucose equivalents
released after fructan hydrolysis (subtracted from free fruc-
tose and glucose before hydrolysis).

The HPLC conditions can be summarized as follows:

1. Agilent Hi-Plex H Column temperature 60°C, flow
rate 0.5 ml/min 5 Mm H,SO,.

72X, CEREALS 7
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2. Agilent Hi-Plex Pb Column temperature 80°C, flow
rate 0.6 ml/min H,O.

24 | Method development

In accordance with the outlined challenges, the method
development for fructan quantification in stillage is
subdivided into the HPLC analysis method and the acidic
hydrolysis procedure. Both steps are characterized by the
objective of developing a reliable but time- and cost-
saving method for fructan analysis in stillage using an
HPLC-RID system.

2.4.1 | HPLC-RID method

To allow for the identification of potentially interfering
substances during analysis, the composition of the used
stillage was determined initially (Table 1). On this basis,
an appropriate HPLC-RID setup with the accompanying
HPLC method was searched.

Within the scope of method development, different
column types have been experimentally checked and
assessed with the aim of finding the most appropriate
HPLC setup for stillage. For the column screening ex-
periments, mixtures of glucose, fructose, xylose, and
arabinose were analyzed. The last-mentioned pentoses
are part of pentosans (from hemicellulose), one of the
main potentially interfering polysaccharides in bioetha-
nol stillage (Table 1). For the column assessment, parti-
cularly the resolution of glucose and fructose and their
overlays with interferences were compared. Typically,
either cationic exchange resins (mainly hydrogen, lead,
or sodium form) or amino phases are applied (Dos Santos
Lima et al., 2019) and, thus, are evaluated for fructan
analysis in stillage (for more information on the column
selection see Supporting Information). Columns with
calcium (Sangeetha et al., 2005) and silver (Vega &

TABLE 1 Composition of the liquid supernatant of the used thin stillage from bioethanol production with about 8% DM (dry matter)

%DM Carbohydrates
Monosaccharides® Pentosans’ Glucan®
14 17 >14

Proteins’ Lipids® Ash’ Glycerol® Others®

24 <0.2 11 10 <10

*High-performance liquid chromatography (HPLC): mainly glucose, arabinose, and xylose.
"HPLC after hydrolysis with 4 wt% H,SO,, 1h, 120°C: released xylose and arabinose (Sluiter et al., 2006).
“HPLC after hydrolysis with 4 wt% H,SO,, 1h, 120°C: released glucose (Sluiter et al., 2006).

dKjeldahl: Factor 6.25 DIN EN ISO 20483.

°Soxleth: DIN EN ISO 11085.

{Gravimetery: 550°C DIN EN ISO 18122.

&Including organic acids, for example, formic and acetic acid.
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Zuniga-Hansen, 2015) phases have also been considered
but a priori assessed as inappropriate for stillage. In the
case of the former, this is due to the coelution of
monosaccharides, and in the case of the latter, this is due
to high sensitivity against impurities.

2.42 | Fructan hydrolysis method

Response Surface Methodology was used for hydrolysis op-
timization with H,SO, and CaCQOj; (for more information on
choosing H,SO4 and CaCO; for hydrolysis, see Supporting
Information). Hydrolysis temperature x;, time x, and acid
concentration x; were varied with regard to a maximization
of the recovery of glucose and fructose equivalents and, thus,
fructan recovery; that is, the maximum detectable fructan
content was wanted. Simultaneously, the formation of HMF
from hexose was considered for optimization as well; that is
HMF formation should be concurrently minimized. A Box-
Behnken design (Table 2) was employed for these experi-
ments using the commercially available statistical software
Design-Expert (Stat-Ease). Following the outlined analytical
procedure above, the hydrolysis temperatures were varied
from 90 to 110°C for varying hydrolysis times from 40 to
80 min with different final H,SO, concentrations in the
sample ranging from 0.1 to 0.9 wt% (Table 2). The design
space boundaries were selected based on preliminary
screening tests (data not shown).

In the case of the fructan content Y;, a quadratic
model was fitted to the experimental data, while in the
case of the HMF formation Y,, a Two-Factor Interaction
(2FI) model was used.

3 3 3 3
Yi=ao+ ) ax + D aaxi + ) Y, apXxi, (3.1)

i=1 i=1 j=1i>1
3 3 3
Yz = bo + Z bixl- + Z Z bijxixj. (32)
i=1 i=1 j>1

A statistical analysis of variance (ANOVA) based on
the Box-Behnken design was performed using
DesignExpert. The respective tables of ANOVA are

TABLE 2 Box-Behnken design for fructan hydrolysis
optimization: Factors and values for three different levels
Level
Variable Symbol -1 0 +1
Temperature (°C) X 90 100 110
Time (min) X, 40 60 80
Acid concentration (wt%) X3 0.1 0.5 0.9

attached in the Supporting Information for both models
(Table S1.1 and S1.2).

By means of numerical optimization, the optimal hy-
drolysis conditions were searched using the regression
models. The aim was to achieve fructan hydrolysis as com-
pletely as possible while detecting the released mono-
saccharides (and avoiding HMF formation). Thus, the target
figures for the optimization were rated with respect to their
importance as follows. The maximization of the fructan
content was rated high and the minimization of the HMF
formation was rated medium. A further boundary condition
was the minimization of the acid concentration (low im-
portance) as ions in the sample may impede HPLC analysis
as outlined below. Furthermore, the neutralization proce-
dure can be simplified by using less CaCOs, which also has a
practical benefit. The hydrolysis temperature and time are
not limited for this optimization and, thus, may lie in the
range of the design space.

2.5 | Method suitability and usability
To assess the suitability of the method or rather the
hydrolysis procedure, the developed analytical method is
compared to existing literature using the combined
severity factor according to Equations (4) and (5).
Furthermore, as no literature values on fructans in stil-
lage have been reported so far, reference analyses were
conducted for the assessment of the developed overall fruc-
tan analysis procedure. For this purpose, results obtained
using the developed method are compared to those using the
commercial Megazyme Fructan Assay Kit (K-Fruc) follow-
ing the outlined AOAC method 999.03. Subsequently, po-
tential sources of error are discussed and the method's
recovery is assessed based on commercial fructans (FOS
from chicory, inulin from dahlia) and other sugar standards.
Finally, the developed method was used for the
analysis of a batch of cereal-based raw thin stillage with a
view to a potential fructan separation. For this purpose,
thin stillage and its corresponding fractions after cen-
trifugation on laboratory scale (4500 min~", 30 min) were
used. Here, the stillage was diluted to a DM content of 8%
before centrifugation to reduce its viscosity.

3 | RESULTS AND DISCUSSION
3.1 | Optimization of the HPLC-RID
analysis

The following assessment of potential stationary phases
for fructan analysis results from an experimentally car-
ried out column screening. Table 3 gives an overview of
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TABLE 3 Overview of stationary phases (a-d), typically used for fructan quantification via high-performance liquid chromatography
with refractive index detector (HPLC-RID): Application examples, main drawbacks for stillage analysis, and representative chromatograms
from the column screening experiments

(a) Sodium Na (Agilent, product number PL1170-6840)

20 Xylose / Fructose Application example: Fermentation broth from enzymatic fructan production
1800 / (Ko et al., 2019). Main drawbacks: Sensitivity to salts and acids; coelution of
= 1400 fructose and xylose. Conclusion: The Na column was considered to be
= Gl rabi = 5 : -
2 100 ““’{ Arabinose inappropriate for stillage due to the coelution of xylose and fructose and, thus,
g the impossibility of a reliable fructan determination in the presence of xylose-
.20 600 0 . .
n containing saccharides (e.g., hemicellulose).
200
Hn NS
-200
0 5 10 15 20 25 30 35 40 45

Time in min

(b) Amino NH, (Agilent, product number 840300-908)

200000

Application example: Fermentation broth from enzymatic fructooligosaccharides
(FOS) production (Nobre et al., 2012). Main drawbacks: Insolubility of high-
molecular substances (e.g., polysaccharides) in the mobile phase (aqueous
acetonitrile); coelution of fructose and arabinose. Conclusion: The widely used
NH, column was considered to be inappropriate for the given sample matrix
due to the coelution of arabinose and fructose and, thus, the impossibility
of a reliable fructan determination in the presence of arabinose-containing
saccharides (e.g., hemicellulose). Moreover, the necessity of a high acetonitrile
content in the mobile phase results in a poor solubility of the higher molecular
substances (e.g., polysaccharides) continuously precipitating with the danger of
capillary or column clogging within the HPLC system.

160000

120000

Fructose / Arabinose
80000

Signal in nRIU

Glucose
40000

Time in min

(c) Hydrogen H (Agilent, product number PL1170-6830)
300000

Application example: Fermentation broth from enzymatic FOS production
(Ko et al., 2019). Main drawbacks: Coelution of fructose and xylose. Conclusion:
The H column shows coelution of xylose and fructose. This could be improved
by the use of acetonitrile as a modifier in the eluent. However, this
modification was found to be unsuitable for frequently carried out routine
analyses due to poor solubility of high molecular substances and continuous
degradation of the column.

Xylose / Fructose
250000 Glucose

200000

150000

al in nRIU

1210

Y 100000

S

50000

o0
0 5 10 15 20
Time in min

(d) Lead Pb (Agilent, product number PL1170-6820)

120000

Application example: (Hydrolyzed) commercial fructans and grasses (Nguyen
et al., 2009; Weifl & Alt, 2017). Main drawbacks: Sensitivity, for example,
to ions and proteins. Conclusion: The Pb column showed the comparatively
best resolution for the respective monosaccharides (glucose, fructose, xylose,
arabinose) allowing for separation from galactose, mannose, and other
monosaccharides as well. However, ions within the sample, especially from the
acidic hydrolysis procedure lead to overlays in the chromatogram impeding a
reliable quantification.

Glucose
100000
\ Xylose
80000

60000

Fructose
40000

Signal in nRIU

20000

0 5 10 15 20 25 30
Time in min

the evaluated columns and their suitability for the sam-
ple matrix stillage. Respective selectivity factors are at-

Some of these resins are additionally sensitive against
acids and salts, making sample preparation laborious.

tached in Table S2.

Each of the assessed stationary phases has drawbacks
with regard to fructan determination in stillage or rather
the determination of the glucose and fructose equiva-
lents, whereby, especially coelution causes problems.

This is also necessary as salts may interfere with the
monosaccharides in the chromatogram (data not shown).

On the basis of Table 3, a hydrogen form column (H)
was considered to be most appropriate for frequently
carried out fructan analyses in sample matrices like



ZIMMERMANN anp KALTSCHMITT

stillage due to its durability and the comparably good
resolution (Table S2). However, an additional lead phase
column (Pb) is required in parallel to reliable determine
fructose in the presence of xylose. Simultaneously, the H
column is required if the stillage contains glycerol
(Table 1) as it coelutes with fructose on the Pb column.
By means of respective deashing cartridges before the
main column, the problem of ion interferences (from
salts) can be overcome for the Pb column.
Consequently, both columns need to be used in suc-
cession to reliably determine fructose and glucose by
capturing a picture of the stillage composition as com-
plete as possible. This procedure allows for the reliable
determination of fructose and glucose in the presence of
interfering carbohydrates (mainly xylose) and alcohol
(e.g., glycerol) tending to coelution and overlay on the
respective columns. As a result of the experimental col-
umn screening and subsequent considerations, the opti-
mized HPLC method has been obtained as outlined in
Section 2.3 using a Pb as well as an H column.
Comparable HPLC methods can be found in the lit-
erature showing good reproducibility (Weify & Alt, 2017).
Alassali et al. (2017) used a combination of an hydrogen
and a lead form column for quantifying carbohydrates
after hydrolysis of plant material, analogous to this pa-
per; that is, an H column for the determination of glu-
cose, xylose, and arabinose and a Pb column for the
quantification of fructose and glucose. However, the
hydrolysis procedure was different with a view to

%

110

Fructan content in % DM

Acid concentration in wt%

0.1 90

Temperature in °C Acid concentration in wt%

hydrolyze other polysaccharides than fructans (Alassali
et al., 2017).

3.2 | Optimization of the acidic fructan
hydrolysis

Figure 6 shows the results of the acidic hydrolysis opti-
mization via Response Surface Methodology. The surface
plots are based on the measured fructan content in stil-
lage and formed HMF during hydrolysis both ex-
emplarily for a hydrolysis time of 80 min. As expected,
the fructan content (Figure 6, left) shows a maximum
due to increasing degradation of fructans to its mono-
mers with increasing temperature and acid concentration
and, thus, increasing severity factor (Equation 4). For
comparably higher severity factors, the released fructose
and partly glucose increasingly react to HMF and, thus,
are not registered as fructans. This results in lower
fructan amounts or rather contents for increasing sever-
ity. In contrast, the formation of HMF (Figure 6, right)
increases steadily with an increasing severity factor due
to an increasing release of hexoses and an increasing
reaction rate with higher temperature and/or acid
concentration.

The numerical solution for the optimization of the
hydrolysis conditions is given in Table 4. Using these
numerically determined conditions, the hydrolysis
was conducted experimentally with the aim of

HMF formationin % DM

110

100

Temperature in °C

0.1 %0

FIGURE 6 Response surface plots for the fructan content (left) and hydroxymethylfurfural (HMF) formation (right), both based on
stillage dry matter (DM), depending on temperature (°C) and acid concentration (Wt%) (H,SO,) for a hydrolysis time of 80 min and

subsequent neutralization with CaCO;

TABLE 4 Optimal conditions for fructan hydrolysis in stillage based on design of experiments using Box-Behnken design

Temperature (°C)
Numerical optimization 103

Experimental optimization 100

Time (min) Acid concentration (Wt%)
80 0.27

80 0.25
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reproducing the numerically determined optimum.
Small adjustments have been made regarding tem-
perature (set to 100°C) and acid concentration (set to
0.25wt%). Simultaneously, the hydrolysis time was
varied from 60 to 120 min in steps of 10 min to suc-
cessfully confirm the numerical result on an experi-
mental basis (Table S3).

As a result, the optimum hydrolysis conditions for
fructans in stillage have been found to be 100°C, 80 min,
0.25 wt% H,SO,, as shown in Table 4. This results in the
final analytical method described in Section 2.3.

3.3 | Method suitability

3.3.1 | Comparison of the severity factor

In comparison to the developed hydrolysis method, an
equivalent acidic hydrolysis method can be found in the
literature (Nguyen et al., 2009). The mentioned publica-
tion reports fructan hydrolysis conditions using 0.2 wt%
H,S0, at 121°C for 60 min corresponding to a severity
factor of 8.0. These conditions are assessed to be com-
parable to the found conditions within this paper (se-
verity factor 7.6). On the basis of the severity factor, the
presented optimized hydrolysis conditions were com-
pared additionally to other literature on acidic fructan
hydrolysis (Liu & Rochfort, 2014; Liu et al., 2011;
Maharjan et al, 2018; Michel-Cuello et al., 2008;
Verspreet et al., 2012). The conditions within this paper
or rather the severity factor are consistent with the
average calculated severity factor of 7.6 (n =6, Table S4)
for the mentioned citations. This circumstance corrobo-
rates the developed hydrolysis procedure.

3.3.2 | Comparison to reference analytics

The following values for the fructan content in different
stillage samples were obtained using the developed
method and the Megazyme Fructan Assay Kit in com-
parison (Table 5). Both method repetitions show similar
standard deviations but a slight deviation of the mean

Cisate | v
VASSOC\AT\ON
measured value substantiating the suitability of the en-
tire developed method.

Apart from the good correlation between the two
methods, the acidic hydrolysis with subsequent HPLC
analysis offers the advantage of determining fructose
and glucose separately. This allows for an estimation of
DP,, via fructose units per glucose unit (Equation 3),
while the commercial Fructan Assay Kit determines a
sum parameter for both sugars. Moreover, in compar-
ison to the laborious AOAC method, the developed
method is convenient, easy to establish for existing
HPLC systems, and suited for large sample volumes
(Figures 4 and 5).

3.3.3 | Error analysis and discussion
The developed hydrolysis method using H,SO, and
CaCO; (Table 4) was additionally conducted using com-
mercial fructans to determine the fructan recovery. The
recovery of the method is determined to be greater than
92% + 0.2% (n = 2). This discrepancy can be explained by
potential measurement inaccuracies and/or incomplete
hydrolysis. To exclude the latter, the Pb column was used
for the detection of potential non-hydrolyzed oligomeric
or polymeric fructans. Using this HPLC setup did not
significantly detect any respective saccharides with
DP > 2. This means, under the optimized conditions, a
more or less total fructan hydrolysis can be assumed
(Figure S2). Incomplete fructan hydrolysis could be ad-
ditionally ruled out as even higher severity factors (com-
pared to the optimized conditions) did not result in higher
fructan contents or further degradation (data not shown).
Fructose and glucose degradation may also falsify the
measured fructan content. However, fructose and glu-
cose standards show hardly degradation to HMF under
the optimized hydrolysis conditions. Fructose losses are
found to be about 1.8% (related to the initial amount) and
about 0.6% in the case of glucose due to the reduced
stability of fructose (Nguyen et al., 2009). In this context,
a sugar recovery standard containing the mono-
saccharides of interest can be used analogously to the
sample to correct for respective losses. Therefore, the

TABLE 5 Comparison between commercial fructan assay kit and developed method for different stillage samples

Sample
Rye-based stillage
Triticale-based stillage

Triticale-based stillage with inulin addition

Acidic hydrolysis and HPLC
2.4+0.1%DM (n=5)
0.3+ 0.0%DM (n = 2)
0.8+ 0.0%DM (n=2)

Megazyme Fructan Kit
2.5+0.1%DM (n =3)
0.2+ 0.0%DM (n = 2)
0.8 +0.0%DM (n =2)

Abbreviations: DM, dry matter; HPLC, high-performance liquid chromatography.
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TABLE 6 Fructan content in cereal-based thin stillage, its supernatant, and the corresponding sediment after aqueous dilution and

subsequent centrifugation with 4500 min~" for 30 min

Stillage fraction

Thin stillage; raw 17
Thin stillage, supernatant; diluted 8
Thin stillage, sediment; diluted 20

amount of formed HMF is multiplied by the correction
factor 180/126 to obtain the amount of respective initial
hexose equivalents.

Another potential source of error is the unwanted
cohydrolysis of other fructose- and glucose-containing
oligo- and polysaccharides. As shown in Table 1, glucose-
containing saccharides (glucans) are present in the stil-
lage, probably starch residues and cellulose. In this regard,
it could be shown that starch degradation is below the
limit of detection under the optimized hydrolysis condi-
tions and, thus, interferences with glucose from starch can
be neglected (Figure S2). Due to its greater stability (in
comparison to starch), cellulose degradation can be ne-
glected as well (Whitfield et al., 2016). Even though these
compounds are hardly hydrolyzed under optimized con-
ditions, high proportions of starch may falsify the fructan
measurement. In such cases as prior amylase treatment
might become necessary to degrade starch before fructan
hydrolysis. The presence of sucrose is usually one of the
most important error sources for fructan quantification, as
sucrose is easily acidly hydrolyzed and released fructose
(and glucose) may falsify the results. In the case of stillage,
sucrose was supposed to be fully degraded or converted
during fermentation in the bioethanol process. This has
been confirmed as no sucrose was detected before hy-
drolysis in the initial stillage (data not shown). However, if
sucrose is present, its amount has to be determined by
HPLC before hydrolysis and respectively subtracted.

A further potential source of error is the neutralization
step. Potential coprecipitation of monosaccharides by the
formed CaSCO, may result in an underestimation of the
hexose equivalents and, thus, fructans. However, this co-
precipitation could not be detected in a respective pre-
cipitation trial with a solution containing glucose, fructose,
arabinose, and xylose standards (data not shown).

3.3.4 | Application of the developed
analytical method

As shown in Table 5, the fructan content in stillage strongly
depends on its origin (here: rye and triticale). Stillage based
on rye, the fructan-richest cereal, shows significantly higher
fructan contents in this comparison and, thus, is more

Dry matter (DM) in %

Fructan content in %DM
1.0
2.2

0.5

interesting for a potential fructan separation. On this basis,
Table 6 shows the results for another batch of cereal-based
raw thin stillage and its corresponding fractions after cen-
trifugation on a laboratory scale.

As expected, the fructan proportion in the stillage's DM
increases in the liquid supernatant, as the soluble fructans
accumulate in this aqueous phase. Simultaneously, the
fructan proportion in the sediment decreases, while in-
soluble matter (in particular, insoluble proteins) enrich
(Lamp et al., 2020). For this reason, the supernatant is as-
sessed to be the appropriate stillage fraction for a potential
fructan separation and maybe the starting point for further
respective investigations. Even though the fructan content
is relatively low, this material flow (bioethanol stillage) is
considered to be a true residue without any other compe-
titive utilization so far. Against the background of increas-
ing demand for prebiotics like fructans not only for
human but also animal nutrition, such low-value residues
could come into the focus (Zimmermann et al., 2021). Here,
the established analytical method may be used for the in-
vestigation of respective fructan separation processes.

The established method may be used directly or as a
starting point for method adaption analyzing liquid media
similar to bioethanol stillage containing dissolved fructans of
cereal origin (e.g., stillage from drinking ethanol production).

4 | CONCLUSION
By means of a tailored analytical method, cereal-based
bioethanol stillage has been identified as a potential and
so far unused source of fructans. For this purpose, a
simplified method for quantification of fructans in stil-
lage was introduced allowing for a high sample
throughput in comparison to time-consuming and more
expensive enzymatic methods. The presented method is
based on hexose equivalents analysis; that is, fructose
and glucose monomers are determined before and after
targeted acidic fructan hydrolysis. On this basis, the re-
leased hexoses and, thus, the fructan amount are calcu-
lated by means of an anhydrous factor, including the
water uptake per monosaccharide unit.

As a result, adapted fructan hydrolysis in bioethanol
stillage is conducted with 0.25 wt% sulfuric acid at 100°C
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for 80 min. An HPLC-RID system for the determination
of the released fructose and glucose monomers is used
with both, a lead form and hydrogen form ion exchange
column. This developed analytical approach has been
successfully compared to literature and a widely used
and well-established reference procedure confirming the
method's suitability. The presented method can be used
for quantification of fructans in ethanol stillages and is
expected to be suitable for similar media containing
cereal originating fructans and interfering substances
like hemicellulose.

The exemplarily analyzed cereal-based bioethanol
stillage comprises traceable fructan contents of up to
2.5%DM in the liquid supernatant depending on the
stillage's origin. As the DM content of the analyzed stil-
lages (here: about 8%) is simultaneously low as well, a
potential separation of fructans makes high demands on
the respective process technology. However, the devel-
oped analytical method can be the basis for correspond-
ing process development and, thus, can help to expedite
higher-value utilization of bioethanol stillage.
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