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The enzymatic conversion of cellulosic-rich waste streams of white asparagus into cellobiose and cellooligosaccharides (COS) is proposed for producing a natural carrier agent. The enzyme cocktail ‘Celluclast’ was
used to steer towards maximum conversion and minimum formation of monosaccharides to obtain an enzymatic
hydrolysate with a high glass transition temperature (Tg). Different enzyme loadings and hydrolysis times were
tested in combination with a sodium hydroxide pre-treatment of the asparagus fibre. A loading of 700 nkat/g
substrate and 7 h of hydrolysis time resulted in the best yield/purity combination, namely a conversion of 36 g/
100 g cellulose with 81% celllobiose/COS. The same hydrolysis conditions were tested in a larger bench-scale
experiment (conversion of 45 g/100 g cellulose) and the soluble hydrolysates were concentrated and spraydried. The high Tg (108 ◦ C) of the spray-dried hydrolysates of asparagus fibre proves its potential usage as a
carrier agent for spray drying.

1. Introduction
Agricultural waste streams consist mostly of polysaccharides and
specifically contain high quantities of cellulose (~35–50%) (Ragauskas
et al., 2006). The conversion of cellulose-rich biomass into
cello-oligosaccharides (COS) gained attention recently for emerging
prebiotic applications such as functional foods (Chen et al., 2021; Kar
naouri, Matsakas, Bühler, et al., 2019; Kluge et al., 2019; Ávila et al.,
2021). COS are oligomers with a degree of polymerization (DP) between
3 and 10 and consist of glucosyl units connected by β-(1 → 4)-glucosidic
linkages. The disaccharide cellobiose, and COS with a DP ranging from 3
to 6, are water-soluble, but cannot be digested by humans (Ávila et al.,
2021). The focus of this study is on the enzymatic conversion of cellu
losic biomass into a mixture of cellobiose and COS to be employed as a
natural carrier agent for spray drying.
Etzbach et al. (2020) recently suggested cellobiose as a potential
carrier agent during spray drying of goldenberry juice. Compared to
conventional carrier agents, e.g. maltodextrin and gum arabic, cello
biose showed similar or better results regarding physical properties of
the spray-dried powders and carotenoid encapsulation efficiency. The
good performance of cellobiose as a carrier agent in spray drying can be

partly attributed to its relatively high glass transition temperature (Tg,
102 ◦ C), being higher than that of other disaccharides such as sucrose
(62 ◦ C). To the best of our knowledge, no studies have reported the use
of COS as carrier agent during spray drying. Nevertheless, based on the
previous study of using cellobiose as a carrier, it is expected that COS
will have good carrier properties and will increase the Tg of the spray
drying feed since it has a higher molecular weight than cellobiose (hence
higher Tg).
In the food industry, COS are not produced on a large scale yet. An
interesting method is enzymatic hydrolysis since it is a mild and envi
ronmentally friendly approach to convert fibre components into soluble
fibres and sugars. Similar hydrolysis methods have been studied for the
production of biofuels (Bischof et al., 2016). The use of enzymes is
considered advantageous and more sustainable compared to e.g. acid
hydrolysis processing, because of high product yield, substrate speci
ficity, low processing temperatures and absence of toxic waste (Cuellar
& Straathof, 2014; Vanderghem et al., 2010). For enzymatic hydrolysis
of cellulose, a cocktail of cellulases is required, generally composed of
endoglucanases (EGs), exo-active cellobiohydrolases (CBHs) and β-1,
4-glucosidases (BGLs). The endoglucanases cleave the internal β-(1 →
4)-linkages between the glucosyl units in the cellulose chains and prefer
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to bind to and act on the more amorphous regions of cellulose (Bischof
et al., 2016; Lynd et al., 2002; Reese, 1956). As a result, new chain ends
are generated for CBHs to act on. CBHs cleave off cellobiose (DP2) from
β-(1 → 4)-linked glucan chains from either the reducing (CBHI) or
non-reducing (CBHII) ends (Bischof et al., 2016; Lynd et al., 2002;
Reese, 1956). BGLs release glucose from soluble cellobiose and COS,
acting from the non-reducing ends (Bischof et al., 2016; Lynd et al.,
2002; Reese, 1956).
Prior to enzymatic hydrolysis, the cellulose-rich biomass is often
subjected to a pre-treatment. The pre-treatment improves the enzyme
accessibility by for example opening the cell wall structure and removal
of inhibitory compounds. Different pre-treatments are available such as
dilute acid, steam explosion and alkaline pre-treatment. Dilute acid pretreatment is usually performed with H2SO4, HNO3 or HCl, and temper
atures between 140 and 200 ◦ C for minutes up to an hour. Dilute acid
treatment mainly results in partial hydrolysis and solubilization of
hemicelluloses (Galbe & Zacchi, 2007). Steam explosion involves rapid
heating by high-pressure saturated steam typically at temperatures of
180–210 ◦ C for 1–10 min. After the rapid release of pressure, separation
of individual fibres occurs and the cell wall structure disrupts (Jørgensen
et al., 2007). Both dilute acid and steam explosion significantly increase
enzymatic digestibility of the fibres, but they only remove lignin to a
small extent (Jørgensen et al., 2007). Moreover, these processes can
degrade sugars into inhibitory compounds and operate at extreme pro
cessing conditions, e.g. high temperature and high pressure (Galbe &
Zacchi, 2007; Kim et al., 2016). Alkaline pre-treatment is the most
widely used chemical method to enhance the enzymatic hydrolysis of
various lignocellulosic biomasses (Singh et al., 2015). The pre-treatment
is performed in dilute alkaline solutions, e.g. NaOH, KOH, Ca(OH)2 and
NH4OH, and can be carried out under mild conditions (Kim et al., 2016;
Singh et al., 2015). Alkaline pre-treatment increases the internal surface
area, separates the structural linkages between lignin and carbohydrates
and disrupts the lignin structure (Singh et al., 2015; Sun & Cheng, 2002).
Alkaline pre-treatment is most effective on hardwood and agricultural
residues with low lignin content (Singh et al., 2015). Alkaline
pre-treatment was selected in this work as it is performed under less
severe processing conditions than dilute acid and steam explosion
treatments.
In this study, it was aimed to enzymatically release majorly cello
biose and COS from white asparagus fibres and, hereby, enhancing the
Tg of the obtained mixture. Asparagus is a seasonal crop and is only
harvested between March and June in Western Europe. The worldwide
consumption of asparagus has increased in recent years and asparagus is
one of the world’s top 20 vegetable crops in the USA and Europe (Pegiou
et al., 2019). The global asparagus production (both white and green
asparagus) increased from 1.23 million tonnes in 1971 to 8.45 million
tonnes in 2020 growing at an average annual rate of 4.14% (Knoema,
2021). Considering that after harvest one-third of the total length of
each white asparagus spear is cut off and discarded (Zhang et al., 2014),
a stream of by-products in the order of million tonnes is generated
annually. These currently discarded by-products could potentially be
used as food ingredients. Siccama, Pegiou, Zhang, et al. (2021) proposed
to extract the asparagus juice and produce spray-dried asparagus pow
der. The fibre-rich fraction that remains after extraction could be
considered as starting material for enzymatic hydrolysis. It contains
74.8 g/100 g (db) dietary fibre, which mainly consists of cellulose, i.e.
37.6 g/100 g db (Siccama, Pegiou, Eijkelboom, et al., 2021) making
white asparagus waste a valuable feedstock for COS production. In
addition, the lignin content (4.2 g/100 g db) of asparagus fibre is lower
compared to several other biomass resources such as wood and herba
ceous energy crops (Ragauskas et al., 2006). Lignin acts as an inhibitor
on cellulase cocktails and therefore reduces the enzymatic conversion of
cellulose (Sammond et al., 2014). It should be noted that while aspar
agus fibre is the model system in this study, the same principle may be
applied to other fibre-rich waste streams as well.
This study reports on the novel combination of converting the

asparagus fibre waste into cellobiose and COS and their application as
natural carrier agent for spray drying. It was hypothesized that the
formation of high amounts of cellobiose and COS, with limiting forma
tion of monosaccharides will result in a high Tg and hence enhance spray
drying. The formation of cellobiose/COS was investigated by using
different doses of a commercial cellulase preparation. Furthermore, the
effects of hydrolysis time and alkaline pre-treatment of the asparagus
fibre on the yield of cellobiose and soluble oligosaccharides were
investigated. A bench-scale experiment was conducted to produce
cellobiose and soluble oligosaccharides in powder-form using subse
quent enzymatic hydrolysis, concentration by evaporation and spray
drying.
2. Materials & methods
2.1. Materials
Fresh asparagus cut-offs (Asparagus officinalis) were kindly provided
by Teboza BV (Helden, The Netherlands). The asparagus cut-offs were
pressed with a twin gear juicer (Angel Juicer AG-140K, Angel Juicer,
Busan, South Korea) to obtain asparagus juice and asparagus fibre by
Wageningen Food & Biobased Research (Wageningen, The
Netherlands). The wet asparagus fibre was stored at − 20 ◦ C prior to
experimentation.
The commercial cellulase preparation Celluclast® (batch number:
CCN03187) was kindly provided by Novozymes (Novozymes A/S,
Bagsværd, Denmark). Celluclast is produced by Trichoderma reesei
(filamentous fungus), which excretes mainly a variety of EGs, CBHs, and
BGLs (Beldman et al., 1988; Bischof et al., 2016). The enzyme activity of
Celluclast was provided by Novozymes, i.e. 700 EGU/g (~840
EGU/mL). EGU (endoglucanase Units) refers to the amount of substrate
converted in μmol/min. The enzyme activity was measured following
the protocol “Cellulase activity, EGU – analysis by Konelab” as
communicated by Novozymes. For this analysis, the substrate carbox
ymethyl cellulose (CMC) was hydrolysed at 50 ◦ C and pH 5. The reaction
products were quantified via the reducing ends at 405 nm of the
reducing carbohydrate-PAHBAH-bismuth complexes. The enzyme
cocktail was used in this study without any further modification. EGU
was converted to katal (mol/s), the SI unit of enzyme catalytic activity, i.
e. the enzyme activity of Celluclast is 11.7 μkat/g and was used to
calculate the enzyme loadings.
Standards used in this study were glucose, fructose, xylose, sucrose,
cellobiose, kestose and nystose (Sigma-Aldrich, St. Louis, Missouri, US).
All other chemicals used were of analytical grade.
2.2. Fibre preparation
The asparagus fibres were thawed at 4 ◦ C for 10 h. Afterwards, the
fibres were washed three times with lukewarm tap water and the
excessive water was removed by using a Buchner vacuum filter (VWR,
Amsterdam, The Netherlands). The washed fibres were dried in a TG 200
fluidized bed dryer (Retsch, Haan, Germany) at 70 ◦ C for 2 h. The dried
fibres were milled into powder using a Pulverissette-14 RotorMill
(Fritsch, Idar-Oberstein, Germany) with a 0.2 mm sieve and at 10,000
rpm. One batch of fibre was prepared and stored in plastic bags at
ambient temperature until further use.
2.3. Moisture content
Asparagus fibre powder (~1 g) was placed in a hot air oven (Heraeus,
Hanau, Germany) to determine its moisture content. The powders were
weighed before and after drying at 105 ◦ C overnight, and the moisture
content of the powder was calculated on a total weight basis (g/100 g).
Measurements were carried out at least in duplicate.
2
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2.4. Composition analysis

described above and the wet fibre weight was corrected to have the same
fibre loading on dry basis. The treated fibres were then dried and milled
according to the same procedure described in section 2.2. The obtained
sample is referred to as wet pre-treated fibre. For each pre-treatment, one
batch of fibre was prepared, and all pre-treated fibres were stored in
plastic bags at ambient temperature until further use.

The cellulose, hemicellulose and lignin contents of the asparagus
fibres were determined based on Neutral Detergent Fibre (NDF) (AOAC
Method 2002.04., 2002) and Fibre (Acid detergent) and lignin (H2SO4)
(AOAC Method 973.18., 1973). The analysis was performed by Eurofins
Agro (Eurofins Agro, Wageningen, The Netherlands). The protein con
tent of the asparagus fibres was determined by using a Nitrogen
Analyzer (Rapid N exceed, Dumas, Elementar, Langenselbold, Ger
many). A nitrogen-to-protein conversion factor of 5.98 was used (Urbat
et al., 2019). The ash content was determined by incineration of the fibre
in an ashing furnace (Carbolite Gero, Sheffield, UK) at 525 ◦ C for 5 h.
The composition analysis was performed on one batch of processed fibre
and the mean of the technical replicates was reported.

2.7. Fibre hydrolysis
Enzymatic hydrolysis experiments were performed in Eppendorf
tubes with 0.0375 g fibre (i.e. untreated, pre-treated and wet pretreated) and 1.5 mL of 0.5 mol/L citrate buffer (pH 5.0) to obtain a
solids loading of 25 g/L. The hydrolysis was done on a dried fibre sample
for easy control of the dosage. Enzyme solutions were prepared by
dilution of Celluclast in citrate buffer to obtain 420, 700 and 980 nkat/g
substrate (see also 2.1). After the addition of the enzyme solution to the
fibre, the samples were incubated in an Eppendorf thermomixer
(Thermo Fisher Scientific, Waltham, USA) at 50 ◦ C and 900 rpm. The
samples were incubated for 0, 0.5, 1, 2, 4, 7 and 16 h followed by
inactivation of the enzymes at 100 ◦ C and 900 rpm for 10 min. After
inactivation, the samples were stored at 4 ◦ C until analysis the next day.
The fibre hydrolysis experiments were carried out in duplicate and fibres
from the same processed batch were used.

2.5. Particle size distribution and SEM analysis
The particle size distribution of the asparagus fibre was measured
using a Mastersizer 3000 analyzer (Malvern Inc, Malvern, UK) with the
dry powder disperser Aero S. The particle size distribution was deter
mined with the Mastersizer 3000 software with the non-spherical
analysis mode, which is applicable for particles which are irregular in
shape such as fibres. The D50 values were reported, which represent the
median particle size by volume. The microstructural properties of the
asparagus fibres and spray-dried hydrolysate were examined using
scanning electron microscopy (SEM). The material was attached to SEM
stubs using carbon adhesive tabs, sputter-coated with gold under vac
uum, and examined using a Neoscope JCM-7000 (JEOL, Tokyo, Japan).
SEM was carried out at 10 kV.

2.8. HPLC analysis
The obtained hydrolysates after enzymatic conversion were analysed
by using high-performance liquid chromatography (HPLC) (Thermo
Ultimate 3000 HPLC, ThermoFisher Scientific, Waltham, USA) with a
Shodex KS-802 8.0 × 300 (mm) column (Showa Denko K⋅K., Toyko,
Japan). The column was operated at 50 ◦ C and connected to a refractive
index detector (Shodex RI-501, Showa Denko K⋅K., Toyko, Japan). MilliQ water was used as eluent with a flow rate of 1 mL/min. Glucose and
cellobiose were detected and quantified using analytical standards as
reference. Oligosaccharides were detected and quantified using analyt
ical fructo-oligosaccharides (FOS) as standards.
The conversion of cellulose into soluble compounds was defined as
enzymatic hydrolysate yield and calculated using equation (1) (Kar
naouri, Matsakas, Krikigianni, et al., 2019).

2.6. Fibre pre-treatment
Alkaline pre-treatment was performed on asparagus fibre before
enzymatic hydrolysis, to investigate the effect of this additional pro
cessing step on the production of cellobiose and soluble COS. Different
studies performed the alkaline pre-treatment before enzymatic hydro
lysis on dried and milled lignocellulosic biomass (Din et al., 2021; Vaz
et al., 2021; Xu et al., 2010). The drying and milling before
pre-treatment allow good control of particle size and dosage. The
pre-treatment was performed in a 1.25 mol/L NaOH solution with a fibre
loading of 50 g/L. The fibre suspensions were incubated at ambient

Enzymatic hydrolysate yield (g / 100 g cellulose) =

C1 + C2⋅1.05 + C3⋅1.07 + C4⋅1.085
⋅100
Cfibre ⋅xcellulose ⋅1.111

temperature for 45 min on a magnetic stirrer and pH values of 12–13
were measured at the end of the pre-treatment. The fibres were then
washed with tap water using a Buchner vacuum filter (VWR, Amster
dam, The Netherlands). Lastly, the fibres were washed with 0.1 mol/L
acetic acid solution to neutralize the pH followed by tap water until a pH
between 4 and 5 was reached. The fibres were then dried in an oven at
80 ◦ C for 24 h after the alkaline pre-treatment and milled once more in
the Pulverisette-14 with a 0.2 mm sieve and at 10,000 rpm. The
asparagus fibre samples with or without alkaline pre-treatment are
referred to as pre-treated fibre and untreated fibre, respectively.
To reduce the number of processing steps, the alkaline pre-treatment
was performed on wet asparagus fibre that was obtained after juice
extraction. Those fibres had a moisture content of 85 g/100 g. The
alkaline treatment was done at the same processing conditions as

(1)

C1, C2, C3 and C4 are the concentrations (g/L) of glucose, cellobiose,
cellotriose (DP3) and oligosaccharides with a DP equal and larger than
4, respectively. Cfibre is the initial concentration of asparagus fibre (g/L)
present in the sample and xcellulose is the weight fraction of cellulose in
the asparagus fibre. Cellobiose and COS were expressed as ‘free glucose’,
therefore the factors 1.05, 1.07 and 1.085 correct for the water mole
cules that are added during hydrolysis (Karnaouri, Matsakas, Kriki
gianni, et al., 2019). Cellulose has an average DP > 500 (BeMiller,
2019), therefore factor 1.111 was used. The maximum amount of cel
lulose conversion into glucose was considered as 100 g/100 g cellulose.
The conversion of cellulose into cellobiose and oligosaccharides was
calculated using equation (2).
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Cellobioseand COSyield(g/100gcellulose)=

C2⋅1.05+C3⋅1.07+C4⋅1.085
⋅100
Cfibre ⋅xcellulose ⋅1.111

(2)

2.9. Scale-up experiment

based on the inflection of the endothermic shift due to glass transition, i.
e. the peak of the derivative.

A scale-up experiment was performed to obtain sufficient hydroly
sate for spray drying. Wet pre-treated fibres were used, which were
prepared according to the treatment described in section 2.6. The hy
drolysis was performed in a 1 L double-wall vessel with 900 mL 0.5 mol/
L citrate buffer (pH 5), solid loading of 25 g/L and a Celluclast loading of
700 nkat/g substrate (see also 2.1). The fibres were incubated at 50 ◦ C
and continuously stirred with a magnetic stirrer for 7 h. The asparagus
hydrolysate was filtered with a vacuum filter with pore size 1 (i.e. 100160 μm) (VitraPOR, VWR, Amsterdam, The Netherlands) and the en
zymes in the filtrate were inactivated in a water bath at 100 ◦ C for 10
min. The filtrate was concentrated with a rotary evaporator (RC-900,
KNF, Vleuten, The Netherlands) to a Brix of 10◦ . The concentrated
asparagus hydrolysate was stored at 4 ◦ C until spray drying the next day.
Two independent scale-up experiments were performed.

2.12. Statistical analysis
The composition analysis of untreated, pre-treated and wet pretreated fibres was performed on one batch of processed fibres and ex
periments were performed at least in duplicate. The means of the
technical replicates were presented and the analytical precision was
reported using the pooled standard deviation. All hydrolysis experi
ments were conducted in duplicate and results were presented as mean
± standard deviations.
3. Results and discussion
3.1. Composition of untreated and pre-treated fibres
The alkaline pre-treatment was performed to make the cellulose
more accessible for enzymes and thereby increasing the hydrolysis yield
(Kim et al., 2016). The alkaline pre-treatment was first performed on
dried and milled fibre, this approach is also reported in several other
studies (Din et al., 2021; Vaz et al., 2021; Xu et al., 2010). Secondly, the
alkaline pre-treatment was evaluated directly with wet asparagus fibres
to possibly omit the energy intensive drying and milling steps.
The alkaline pre-treatment on dried and wet fibres removed a large
part of the hemicellulose from the asparagus fibre (Table 1), conse
quently, the cellulose content on dry basis increased. Although disso
lution of hemicellulose and lignin is one of the commonly observed
results of alkaline pre-treatment reported in literature (Kim et al., 2016),
the lignin content of our samples was not significantly affected by the
alkaline treatment. The same pre-treatment was performed by Maepa
et al. (2015) on maize tassels, there the lignin content decreased slightly
from 18 to 15 g/100 g after the alkaline pre-treatment. The lignin
content in the untreated asparagus fibres was only 4.6 g/100 g, which
may explain why the alkaline pre-treatment did not lower the lignin
content. The dried pre-treated and wet pre-treated fibres are similar in
cellulose, hemicellulose and lignin content, although it was expected
that the pre-treatment on the dried and milled fibres would be slightly
more effective as the particle size of the dried and milled fibres (i.e. D50
~ 270 μm) were smaller than of the wet asparagus fibre (i.e. D50 > 0.5
cm).
When compared to the untreated fibre, the alkaline pre-treatment
increased the ash content. Part of the salts from the sodium hydroxide
solution and the neutralisation with acetic acid could have ended up in
the asparagus fibre.
Furthermore, the microstructural surface properties of the fibres
were examined by SEM and images are reported in the supplementary
information (Fig. S1). The surface of the untreated fibre was relatively
smooth, whereas the surfaces for the pre-treated and wet pre-treated

2.10. Spray drying
The concentrated asparagus hydrolysate mixtures were spray-dried
separately with a Model B-290 mini spray dryer (Büchi Labortechnik
AG, Flawil, Switzerland). The spray drying conditions were adapted
from Etzbach et al. (2020), who used cellobiose amongst other carrier
agents for the spray drying of goldenberry juice. The spray dryer aspi
rator rate was 100%, which corresponded to approximately 35 m3 air/h.
The inlet air temperature was set to 140 ◦ C and the speed of the peri
staltic pump was 10 mL feed/min. The corresponding outlet air tem
perature varied between 68 and 70 ◦ C. The hydrolysate powders were
collected at the outlet of the spray dryer for further analysis. The spray
drying yield was calculated based on the dry solids (DS) in the feed
mixture and the powder obtained from the collection vessel using
equation (3).
Spray drying yield (%) =

Powder (DS)
⋅100
Feed (DS)

(3)

2.11. Glass transition temperature (Tg) of the spray-dried hydrolysate
The Tg of the spray-dried hydrolysate was determined using differ
ential scanning calorimetry (DSC) (DSC-250, TA Instruments, New
Castle, UK). Samples of about 5 mg were weighed in aluminium Tzero
pans and then sealed with a Tzero hermetic lid, which was punctured to
let water vapour escape. A heat-cool-heat cycle was performed. Firstly,
the samples were heated at a rate of 10 ◦ C/min from 0 to 140 ◦ C to
obtain anhydrous conditions. Then the samples were cooled back to 0 ◦ C
at 10 ◦ C/min. Lastly, a second heat run was performed at 5 ◦ C/min to
140 ◦ C. The DSC thermograms were analysed using Trios software (TA
Instruments, New Castle, UK). The second heat run was used for the
analysis of the Tg. The Tg was determined from the midpoint, which was

Table 1
Composition of untreated, dried pre-treated and wet pre-treated asparagus fibres. The compositional analysis was performed on the same batch of processed fibre and
measurements were performed at least in duplicate. The analytical precision is presented via the pooled standard deviation.
Untreated
Dried pre-treated
Wet pre-treated
Pooled standard deviation
a

Cellulose (g/kg DS)

Hemicellulose (g/kg DS)

Lignin (g/kg DS)

Protein (g/kg DS)

Ash (g/kg DS)

Othersa (g/kg DS)

459
606
620
6

182
13
33
14

46
56
56
1

78
43
62
1

56
123
71
7

179
159
158
n.a.

Calculated by the difference. DS: dry solids. n.a.: not applicable.
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Fig. 1. (A) Cellulose conversion to soluble
compounds (g/100 g cellulose) with un
treated asparagus fibre and alkaline pretreated asparagus fibre as substrate with
different enzyme loadings (nkat/g substrate).
(B) Cellulose conversion to cellobiose and
oligosaccharides (g/100 g cellulose) with
untreated asparagus fibre and alkaline pretreated asparagus fibre as substrate and
different enzyme loadings (nkat/g substrate).
Untreated fibre: 420 nkat/g substrate ( ),
700 nkat/g substrate ( ) and 980 nkat/g
substrate ( ); Pre-treated fibre: 420 nkat/g
substrate ( ), 700 nkat/g substrate ( ) and
980 nkat/g substrate ( ). The error bars
represent the standard deviation of the
experimental data (n = 2). Dashed lines are
drawn to guide the eyes.

fibre appeared rougher. Similar effects of alkaline pre-treatment on fibre
surface structures were observed by Din et al., 2021; Maepa et al., 2015;
Taherdanak & Zilouei, 2014 and related to the removal of lignin and
hemicellulose.

area, and reduction of the DP thereby increasing the number of reducing
ends (Bali et al., 2015; Kim et al., 2016). The occurrence of these phe
nomena depends on the severity of the alkaline treatment, i.e. temper
ature and pH. In this study, mild temperature conditions were used since
the pre-treatment was performed at ambient temperature. A high pH
was used and at the end of the alkaline pre-treatment of the fibres pH
values of 12–13 were measured. Maepa et al. (2015) performed the
alkaline pre-treatment on maize (tassel) plants with the same conditions,
i.e. time, temperature, NaOH concentration, as in this study. They found
that the hemicelluloses and lignin were removed from the maize tassel
fibres during alkaline treatment. In addition, a higher crystallinity index
was measured for the pre-treated maize tassel fibres compared to the
untreated fibres due to the loss of amorphous hemicellulose. Further
more, the alkaline pre-treatment appeared to have had a minimal effect
on the cellulose structure (Maepa et al., 2015). Therefore, it is expected
that in this study removal of hemicellulose was the main mechanism for
the increase in enzyme accessibility.
Furthermore, higher enzyme loadings increased the enzymatic hy
drolysate yield for both untreated and pre-treated fibres (Fig. 1A).
Except for the conversion of the untreated fibres with 700 and 980 nkat/
g substrate, which resulted in the same composition of formed soluble
compounds (Fig. 1). This could be explained by the limited cellulose
accessibility in the untreated fibre and therefore the hydrolysis was
limited by the available substrate instead of enzyme concentration (Din
et al., 2021).
The cellobiose and oligosaccharides yield (Fig. 1B) did not follow the

3.2. Effects of enzyme loadings and hydrolysis time on hydrolysis
products of untreated and pre-treated fibres
The enzymatic hydrolysis was performed with milled asparagus fibre
(untreated fibre) with an average particle size (D50) of 270 μm. From
preliminary experiments, it was found that fibre particle size did not
significantly affect the hydrolysis rate of untreated fibres, as the con
version of cellulose into soluble compounds ranged between 17 and 19
g/100 g in 4 h (data not shown). Particle sizes (D50) tested were 40 μm,
180 μm and 480 μm.
Subsequently, the amounts of products formed were evaluated at
various enzyme loadings to optimize the formation of these and even
tually link to the Tg. Untreated and pre-treated fibres were incubated
with different enzyme loadings, i.e. 420, 700 and 980 nkat/g substrate.
The enzymatic hydrolysate yield kept increasing during 16 h of incu
bation (Fig. 1A) and a clear difference in hydrolysis yield between un
treated and pre-treated fibres was observed. The yield after 16 h was
much higher for pre-treated fibres compared to untreated fibres and is
explained by improved substrate accessibility for the cellulases. Alkaline
pre-treatments can improve substrate accessibility by different phe
nomena, e.g. dissolution of lignin and hemicellulose, increase of surface
5
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Fig. 2. (A) Reaction products after hydrolysis of untreated asparagus fibre with an enzyme loading of 700 nkat/g substrate. (B) Reaction products after hydrolysis of
alkaline pre-treated asparagus fibre with an enzyme loading of 700 nkat/g substrate. Total ( ), glucose ( ), cellobiose ( ), DP3 ( ) and >DP4 ( ). DP: degree of
polymerization. The error bars represent the standard deviation of the experimental data (n = 2). Dashed lines are drawn to guide the eyes.

exact same increasing trend as the enzymatic hydrolysate yield
(Fig. 1A). During the first 7 h of hydrolysis, the yield of cellobiose and
oligosaccharides increased. Between 7 and 16 h, the conversion yield to
cellobiose and oligosaccharides did not change significantly, while the
conversion to monosaccharides continues, as indicated by the increasing
enzymatic hydrolysate yield (Fig. 1A). For the following experiments,
the enzyme loading of 700 nkat/g substrate was selected since its
cellobiose and oligosaccharides yield was comparable with the 980
nkat/g, while the undesired formation of monosaccharides was lower
for the 700 nkat/g.
The composition of hydrolysis products over time was analysed
(Fig. 2) to select the most suitable hydrolysis time to maximize the yield
of hydrolysates with cellobiose/COS. For both untreated and pre-treated
fibre, cellobiose was the main compound formed during hydrolysis. The
amount of formed COS was much lower compared to cellobiose, and
most likely relates to cellobiose releasing CBH activity present in Cel
luclast (Beldman et al., 1988; Bischof et al., 2016; Lynd et al., 2002).
Glucose amounts were also lower than those of cellobiose, which pre
sumably relates to a relatively low BGL activity in Celluclast (Lynd et al.,
2002), as has also been observed for the same cellulase cocktail by
others (Karnaouri, Matsakas, Bühler, et al., 2019). Cellobiose concen
trations were highest for the pre-treated fibres compared to the un
treated fibres (Fig. 2) and increased up to a hydrolysis time of 7h (Fig. 2).

After 7h of hydrolysis, glucose increased further while cellobiose con
centrations remained the same (Fig. 2). The increase in glucose is un
desirable for the application of the enzymatic hydrolysate as carrier
agent since glucose will decrease the Tg. Hence, the optimum seems to
be around 7 h of hydrolysis for both untreated and pre-treated fibres.
3.3. Enzymatic hydrolysis after alkaline pre-treatment on dried and wet
fibres
Enzymatic hydrolysis was performed using dried fibre powder to
better control the dosage of substrates. However, for alkaline pretreatment of the fibre, it would be more efficient to use the wet fibre
fraction obtained after juice extraction to reduce the processing steps.
Therefore, alkaline treated dried and wet asparagus fibre were
compared.
The overall enzymatic hydrolysate yield of the dried pre-treated fi
bres was slightly higher compared to that of the wet pre-treated fibres in
the first hours of hydrolysis (Fig. 3A). The slopes, i.e. hydrolysis rates,
were comparable, but at time = 0 h more soluble compounds were
measured in the dried pre-treated fibres than in the wet pre-treated fi
bres. After the first hours of hydrolysis, the overall yields became
identical. The same trend is observed for the cellobiose and oligosac
charides yields (Fig. 3B). Based on the results, there is no preference for
6
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Fig. 3. (A) Cellulose conversion to soluble compounds (g/100 g cellulose) with dried pre-treated and wet pre-treated asparagus fibre as substrate with an enzyme
loading of 700 nkat/g substrate. (B) Cellulose conversion to cellobiose and oligosaccharides (g/100 g cellulose) with dried pre-treated and wet pre-treated asparagus
fibre as substrate with an enzyme loading of 700 nkat/g substrate. Dried pre-treated fibres ( ) and wet pre-treated fibres ( ). Dried pre-treated fibres were first dried
and milled before soaked into the sodium hydroxide solution. Wet pre-treated fibres were directly submerged in the sodium hydroxide solution. The error bars
represent the standard deviation of the experimental data (n = 2). Dashed lines are drawn to guide the eyes.

enzymatic hydrolysis, evaporation concentration and spray drying. A
bench-scale experiment was necessary to prepare at least 50 mL of feed
solution (10◦ Brix) required for the spray dryer. The enzymatic hydro
lysis conditions were selected based on results shown in previous sec
tions, i.e. enzyme loading of 700 nkat/g substrate, hydrolysis time of 7 h
and wet pre-treated fibres as substrate. The reaction products from the
small bench-scale enzymatic hydrolysis experiment were compared to
the results from the Eppendorf tubes (Table 2). Performing the hydro
lysis at a somewhat larger scale increased the total yield of soluble hy
drolysates, which is explained by the active mixing of the asparagus
fibre with enzyme solution inside the reaction vessel.
The obtained hydrolysis yield is determined by different factors, e.g.
type of substrate, hydrolysis time, enzyme loadings and solids loadings.
For example, higher solids loadings decrease the yield due to inhibition
of enzyme adsorption by hydrolysis products at increasing substrate
concentrations (Kristensen et al., 2009). Kristensen et al. (2009) per
formed hydrolysis of filter paper, using substrate concentrations in the
range of 50–200 g/L and an enzyme loading of 10 FPU/g substrate, i.e.
10 μmol/min of glucose per g of substrate (~167 nkat/g substrate). A
linear decrease was observed between conversion and initial substrate
concentrations. In this study, solids loadings of 25 g/L were used and
therefore it was assumed that there was limited inhibition by the formed
hydrolysis products.

Table 2
Reaction products after hydrolysis of wet pre-treated fibres in the Eppendorf
tubes and bench-scale with an enzyme loading of 700 nkat/g substrate for 7 h
hydrolysis. The data is presented as mean ± standard deviations (n = 2).

Eppendorf
tubes
Benchscale

Total (g/
100 g
cellulose)

Glucose
(g/100 g
cellulose)

Cellobiose
(g/100 g
cellulose)

DP3 (g/
100 g
cellulose)

>DP4 (g/
100 g
cellulose)

37.2 ±
0.3
44.6 ±
0.9

8.14 ±
0.05
10.9 ±
0.6

25.3 ± 0.1

2.53 ±
0.06
3.3 ± 0.2

1.2 ± 0.1

30 ± 2

1±1

dried or wet pre-treated fibres. Processing fibres by wet alkaline pretreatment is less time- and energy-consuming than performing alkaline
pre-treatment on dried fibres. Therefore, wet alkaline pre-treatment was
selected for the bench-scale experiment.
3.4. Bench-scale experiment to evaluate the properties (Tg) of the spraydried hydrolysate powder
A bench-scale experiment was conducted to produce cellobiose and
soluble oligosaccharides in powder-form, by following three steps, i.e.
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Fig. 4. Example of the differential scanning calorimetry (DSC) thermogram of the spray-dried hydrolysate of the wet pre-treated asparagus fibre. Wet pre-treated
fibres were directly submerged in the sodium hydroxide solution followed by enzymatic hydrolysis with an enzyme loading of 700 nkat/g substrate. The
midpoint of the glass transition temperature (Tg) is located at 112.8 ◦ C.

The cellulose conversions found in this study were compared to other
studies. Karnaouri, Matsakas, Bühler, et al. (2019) used Celluclast for the
conversion of birch into COS and measured a cellulose conversion of 23
g/100 g cellulose with 35 EGU/g (583 nkat/g) after 24 h of hydrolysis at
50 ◦ C and pH 5. The hydrolysis yield was similar to that of the untreated
fibre with 420 nkat/g for 16 h, namely 22 g/100 g cellulose (Fig. 1A). In
the work of La Peña-Armada et al. (2020), Celluclast was used for the
release of COS from apple by-products and combined with a high hy
drostatic pressure (HPP) treatment. The control sample (no HHP treat
ment) consisted of pre-hydrated apple by-product (100 g/L) with 92
EGU of Celluclast (~350 nkat/g substrate) and released 29 g soluble
compounds/100 g dry material after 30 h of hydrolysis at 50 ◦ C. The
result was somewhat higher than the conversion of untreated fibre with
420 nkat/g after 16 h in this study (Fig. 1A).
The bench-scale hydrolysates were concentrated and spray-dried to
obtain a powder that can be used as an ingredient. During spray drying,
minimal wall deposition in the drying chamber was observed, which

indicates limited stickiness behaviour and a hydrolysate with suffi
ciently high Tg for spray drying (Shishir & Chen, 2017). The spray drying
yield was 50 ± 4%, which is similar to the yield of spray-dried cellobiose
obtained by Etzbach et al. (2020). It should be noted that the yields
obtained in small spray dryers like Büchi B-290 are much lower than in
large-scale spray dryers (Islam et al., 2013). The Tg of the spray-dried
powders was analysed with DSC and an anhydrous Tg of 108 ± 7 ◦ C
was found. An example of the DSC thermogram is shown in Fig. 4 with
the Tg expressed as the midpoint of the endothermic shift. The hydro
lysate consisted of a combination of monosaccharides, disaccharides and
COS (Table 2), each contributing to the overall Tg. For example, glucose
has a low Tg (31 ◦ C) and therefore suppresses the Tg, whereas the Tg of
cellobiose (102 ◦ C) is closer to the overall Tg and cellobiose is the most
abundant compound in the hydrolysate. The Tg of COS are not reported,
but it is assumed that their Tg is higher than that of cellobiose based on
molecular weight. Therefore, the presence of COS in the hydrolysates
was likely to increase the Tg. It should be noted that the spray-dried
powder also contains other impurities such as constituents of the cit
rate buffer (i.e. citric acid and sodium citrate), which might have
influenced the Tg of the spray-dried powder. Furthermore, other reac
tion products could be formed during hydrolysis since Celluclast also
contains some hemicellulose activity, e.g. xylanase and β-xylosidase
(Zhang et al., 2020). Some xylose was measured in the reaction prod
ucts, roughly 0.25 g xylose for every gram of cellobiose formed (data not
shown). The xylose was probably released from hydrolysed xyloglucans
or xylan, both hemicelluloses are found in white asparagus spears
(Chitrakar et al., 2019; Rodríguez et al., 1999). The morphology of the
spray-dried hydrolysate particles was visualised (Fig. 5), the particles
were round and had a smooth surface. Some of the larger particles had a
few dents on the surface. In conclusion, the hydrolysate showed good
spray drying behaviour and had a fairly high Tg. Purification of the
hydrolysate might further increase its Tg and will enable easier appli
cation in food products. For example, asparagus hydrolysate can be used
as a natural alternative for maltodextrin, which is commonly used for
the encapsulation of aroma compounds (Siccama, Pegiou, Zhang, et al.,
2021).

Fig. 5. Scanning electron microscopy image of the spray-dried hydrolysate of
the wet pre-treated asparagus fibre. Wet pre-treated fibres were directly sub
merged in the sodium hydroxide solution followed by enzymatic hydrolysis
with an enzyme loading of 700 nkat/g substrate.

4. Conclusions
An enzymatic treatment was performed to convert asparagus fibre
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waste into a cellobiose and COS powder having the potential to be used
as a natural carrier agent. The formation of cellobiose and COS over
monosaccharides during hydrolysis can be steered by choosing the
suitable hydrolysis time and fibre pre-treatment. Alkaline pre-treatment
on fibre increased cellulose concentration on dry basis and positively
affected enzymatic hydrolysis as shown by the increased yield of cello
biose and COS from 17 to 30 g/100 g cellulose (7h), while glucose yield
was similar to the untreated fibre (7 g/100 g cellulose). Furthermore, the
feasibility of performing alkaline pre-treatment on wet asparagus fibre
was proved. The hydrolysis of wet pre-treated fibres was successfully
applied to make a spray-dried hydrolysate powder (with 45 g/100 g
cellulose converted). The high Tg (108 ◦ C) of the spray-dried hydrolysate
indicated its potential usage as carrier agent for spray drying. Further
more, other studies (Karnaouri, Matsakas, Krikigianni, et al., 2019; Sanz
et al., 2005) proved that cellobiose and COS are prebiotics and could
promote gut health, which will provide additional benefits compared to
the use of conventional carrier agents such as maltodextrin.
This work demonstrates that enzymatic hydrolysis could be a method
to produce ingredients that can function as carrier agent. We believe this
work can serve as a useful reference for future studies on the valorisation
of agro-fibre waste streams. However, to translate our findings into a
viable production process, a techno-economic assessment and further
optimization of the process is required. For example, it is recommended
to explore possibilities for neutralisation of the sodium hydroxide-rich
waste stream that is generated after the alkaline pretreatment. More
over, it is worth to investigate if recycling of the unhydrolyzed substrates
is feasible to limit waste generation during enzymatic hydrolysis.
Alternatively, unhydrolyzed fibres may be further converted into
compost and be used for fertilization. Furthermore, it would be of in
terest to investigate the recovery of the enzymes for example via
ultrafiltration.
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Ribeiro, E., Valadares de Sá Barretto Sampaio, E., Cezar Menezes, R. S., &
Dutra, E. D. (2021). Chemical pretreatment of sugarcane bagasse with liquid fraction
recycling. Renewable Energy, 174, 666–673. https://doi.org/10.1016/j.
renene.2021.04.087
Xu, J., Cheng, J. J., Sharma-Shivappa, R. R., & Burns, J. C. (2010). Sodium hydroxide
pretreatment of switchgrass for ethanol production. Energy and Fuels, 24(3),
2113–2119. https://doi.org/10.1021/ef9014718
Zhang, W., Wu, W., Wang, Q., Chen, Y., & Yue, G. (2014). The juice of asparagus byproduct exerts hypoglycemic activity in streptozotocin-induced diabetic rats. Journal
of Food Biochemistry, 38(5), 509–517. https://doi.org/10.1111/jfbc.12084
Zhang, Y., Yang, J., Luo, L., Wang, E., Wang, R., Liu, L., Liu, J., & Yuan, H. (2020). Lowcost cellulase-hemicellulase mixture secreted by Trichoderma harzianum EM0925
with complete saccharification efficacy of lignocellulose. International Journal of
Molecular Sciences, 21(2). https://doi.org/10.3390/ijms21020371

Ragauskas, A. J., Williams, C. K., Davison, B. H., Britovsek, G., Cairney, J., Eckert, C. A.,
Frederick, W. J., Hallett, J. P., Leak, D. J., Liotta, C. L., Mielenz, J. R., Murphy, R.,
Templer, R., & Tschaplinski, T. (2006). The path forward for biofuels and
biomaterials. Science, 311(5760), 484–489. https://doi.org/10.1126/
science.1114736
Reese, E. T. (1956). A microbiological process report; enzymatic hydrolysis of cellulose.
Applied Microbiology, 4(1), 39–45. https://doi.org/10.1128/aem.4.1.39-45.1956
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