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ABSTRACT: Xylooligosaccharides (XOSs) gained much attention g Tirireatmentin nero.

for their use in food and animal feed, attributed to their prebiotic = = NaOH-Urea ; = I

function. These short-chained carbohydrates can be enzymatically 3, ? T

produced from xylan, one of the most prevalent forms of 4

hemicellulose. In this work, endo-1,4-f-xylanase from Thermotoga

maritima was immobilized on cellulose-based beads with the goal of l Xylanase
producing xylooligosaccharides with degrees of polymerization

(DPs) in the range of 4—6 monomeric units. More specifically, the " Becchueod xylan

impact of different spacer arms, tethers connecting the enzyme with X0S W g 80°C

the particle, on the expressed enzymatic activity and oligosaccharide 3* (—

yield was investigated. After surface functionalization of the Xylan ) B o]

cellulose beads, the presence of amines was confirmed with time
of flight secondary ion mass spectrometry (TOF-SIMS), and the
influence of different spacer arms on xylanase activity was established. Furthermore, XOSs (DPs 2—6) with up to 58.27 mg/g xylan
were obtained, which were greatly enriched in longer oligosaccharides. Approximately 80% of these XOSs displayed DPs between 4
and 6. These findings highlight the importance of topochemical engineering of carriers to influence enzyme activity, and the work
puts forward an enzymatic system focusing on the production of longer xylooligosaccharides.

B INTRODUCTION enzymatic hydrolysis process. The downside to the former

The human gastrointestinal tract is colonized by a microbiome method is the formation of side products such as furfural,

composed of microorganisms rich in diversity, which directly which makes the enzymatic method in an industrial setting

and indirectly influences the host’s health. Their impact could more appealing.'”'* The enzymatic xylan hydrolysis also has
be therapeutic or prophylactic in nature.! Disruption of a its challenges: the enzymes have a limited half-life time, the
healthy gastrointestinal microbiota poses an increasing risk of stability is both pH- and temperature-dependent, and the
suffering from irritable bowel syndrome, type 2 diabetes protein recovery is challenging."’ Immobilizing xylanase on a
mellitus, and cardiovascular diseases.”™> Strong evidence of a solid carrier has the advantage of increasing enzyme stability
connection exists between certain psychiatric illnesses and and moreover offers the opportunity to work in packed bed
gastrointestinal problems.® The growth of favorable gastro- setups.'*™'% The big appeal regarding the use of xylanase for
intestinal microbiota can be promoted by the intake of XOSs production is related to their specificity towards distinct

probiotics, which are beneficial microorganisms, and pre-
biotics, which are substrates stimulating proliferation of benign
bacteria and fungi.” Among prebiotics, there exist non-
digestible carbohydrates that are instead fermented by the . .
1 . . q selection of a specific xylanase, as well as the chosen xylan

gut microbiota creating short-chained fatty acids in the process. 17-19
These fatty acids are further digested by the host.”*~'" In souree.
carbohydrate prebiotics, the degree of polymerization is limited
to 60 units depending on the carbohydrate source.'! Received: August 11, 2022

Xylooligosaccharides are short-chained carbohydrates exist- Revised:  December 2, 2022
ing out of xylose units connected by f-1,4-glycosidic bonds Published: December 21, 2022
and may contain substituent groups such as arabinose, acetic
acid, and 4-O-methylglucoronic acid. The industrial fabrication
of xylooligosaccharides from xylan relies on either an acid or

xylan sources and their product selectivity. This means that the
enzyme activity and the obtained products, which are
recovered after xylan hydrolysis, are closely connected to the
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The covalent binding of xylanase has been widely
demonstrated on maleic anhydride-** glyoxyl-,'**"** gluta-
raldehyde-,>*** cyanobromide-,”' and cyanuric chloride®’-
activated supports. This includes more advanced immobiliza-
tion approaches such as conjugation of customized chimeric”’
enzymes and coating immobilized xylanase with polyethyle-
neimine.”* Most conjugation strategies generally involve simple
activation of a carrier surface, yet this lacks a surface
engineering approach to exploit the full potential of the
conjugated protein.

It is generally agreed that a complex interaction exists
between the carrier and the protein, which impacts enzyme
stability, activity, and selectivity.'® A well-documented case
comprises lipase immobilization on hydrophobic interfaces,
resulting in hyperactivation of the particular enzyme.””’
Despite great interest in designing immobilized enzyme
systems, the topochemical design of carrier interfaces is often
overlooked. Topochemical carrier design takes the structure
and chemistry of spacer arms into account. As such, Abahazi
and co-workers demonstrated the influence of different
bisepoxide spacer arms on the activity of Candida antarctica
Lipase B. Using cyclohexanedimethanol diglycidyl ether as a
tether gave rise to an activity of 47.39 ymol min~"' g, while a
polyethyleneglycol diglycidyl ether tether resulted in an activity
of just 6.3 umol min~"' g~'.*" Tiller and co-workers noted that
glucose oxidase immobilized with 1,4-bifunctional aromatic
cross-linkers displayed higher activity than glucose oxidase
immobilized using 1,3-bifunctional aromatic cross-linkers.>
The spacer arms could also display a buffering effect. Yazgan
and co-workers immobilized @-amylase on amino acid-
functionalized chitosan and reported that the relation between
enzyme stability and changes in pH changed drastically.”
These studies underline the importance of spacer arms in
immobilized enzyme systems.

Cellulose is an abundant biodegradable polymer that can be
selectively modified and shaped into porous hydrogel beads.**
Cellulose hydrogels are fabricated in a two-step approach:
dissolution and coagulation steps. The dissolution and
coagulation of cellulose has been demonstrated with solvent
systems such as aqueous hydroxide solutions® and ionic
liquids.”**” Amino-functionalized cellulose beads are of great
interest for immobilizing enzymes. The fabrication of 6-deoxy
amino cellulose can be achieved through an intermediate
tosylation reaction followed by nucleophilic substitution with a
diamine.”® Conjugation of glucose oxidase, horseradish
peroxidase, and lactate oxidase with different cross-linkers
has been demonstrated with these cellulose derivatives.*>***°
A second method to fabricate amino cellulose starts by
subjecting cellulose to periodate oxidation. Periodate oxidation
cleaves the C2—C3 bond in the anhydrous glucose unit,
creating aldehydes in the process. This functionality can be
exploited to graft diamines on the oxidized cellulose.*' ™"

While in general covalent-bound xylanase strongly favors the
production of low-DP oligosaccharides, mainly xylobiose and
xylotriose, here the target is the synthesis of short-chained
sugars with DPs spanning from 4 to 6 xylose units. These
compounds also exhibit documented prebiotic function like
their lower-molecular-weight counterparts.'>*>*” On this note,
low-DP arabinoxylooligosaccharides supported the production
of SCFA’s and bifidobacterial levels when supplemented to rat
diets, while higher-DP oligosaccharides more effectively
suppressed protein fermentation.”® Moniz and co-workers
showed that XOSs from corn straw increased the growth of
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Bifidobacterium and Bacteroides populations. The use of specific
XOS fractions, DPs ranging either from 9 to 20 or from 4 to 6,
greatly impacted the formation of the short-chain fatty acids.
The high-DP fraction reached the maximum SCFA concen-
tration after 24 h, greatly exceeding the amount of SCFA
produced using low-DP XOSs as a substrate. However, after 24
h, the obtained SCFA, using the 4—6 fraction as a feedstock,
rapidly grew toward a similar organic acid concentration.”’
Besides probiotic growth and SCFA production, the degree of
polymerization may impact antioxidant activity substantially as
demonstrated by the work of Valls and co-workers. Longer
XOSs obtained after beechwood xylan hydrolysis, using GH10
xylanase from Paenibacillus barcinonensis, provided greater
antioxidant activity. In addition, eucalyptus autohydrolysates
before a xylanase treatment likewise displayed greater levels of
antioxidant activity."’

In this work, cellulose beads were modified with three highly
similar spacer arms, with minor differences in their structures,
to investigate their impact on the expressed enzyme activity
and XOS yield. Highly porous carriers favor the production of
xylooli%osaccharides with low degrees of polymerization (DPs
2—3).°7°% Therefore, dense functionalized cellulose beads
were selected for xylanase conjugation. This is achieved
following a topochemical engineering approach in which first
dense, air-dried cellulose beads were fabricated. After periodate
oxidation, the different spacer arms were grafted on the
dialdehyde-activated surface. The composition of the activated
surface layer was studied with TOF-SIMS. In the final step, the
endo-1,4-f-xylanase from Thermotoga maritima was immobi-
lized on the diamine beads in a one-pot reaction with
glutaraldehyde.

B MATERIALS AND METHODS

4,4’-Methylenedianiline (>98%), 4,4'-oxydianiline (>98%), and 4,4'-
sulfonyldianiline (>98%) were ordered from TCI chemicals. Beads
functionalized with diamines are hereafter referred to as C-, O-, and S-
diamine beads. Beechwood xylan and endo-1,4-f-xylanase from T.
maritima (100 U/mg), rhamnose, arabinose, xylose, and xylooligo-
saccharides (DPs 2—6) were purchased from Megazyme. Dissolving
pulp from birchwood as a cellulose source was kindly donated by
Stora Enso, Finland. Ethanol (>99%), hydrochloric acid (37%),
sodium hydroxide (98.5%), nitric acid (69%), sodium periodate
>99%, glutaraldehyde 25% and sodium tetrahydroborate >98% were
purchased from VWR. N,N-Dimethylacetamide (DMAc) (99%) and
sodium sulfite (98%) were obtained from Alfa Aesar. Ethylene glycol
(technical grade), hydroxylamine hydrochloride (99%), and monop-
otassium phosphate (>99%) were obtained from Acros Organics.
Sodium acetate trihydrate (>99%) and potassium sodium tartrate
tetrahydrate (99%) were bought from Sigma Aldrich. Acetic acid was
purchased from Fisher, 3,5-dinitrosalicylic acid (99%) from UCB, and
phenol (75%) from Applichem.

Fabrication of Cellulose Xerogel Beads. Cellulose beads were
fabricated according to the procedure described by Trygg and co-
workers.®> In brief, 16 g of dissolving birchwood pulp was initially
treated in a mixture of 400 mL of 92.5% ethanol and 16 mL of 37%
hydrochloric acid at 75 °C for 2 h to later facilitate its dissolution in a
NaOH-—urea solution. The pulp was extensively washed with water
and dried. Then, 5.00 g of pretreated pulp was vigorously mixed with
100 g of a 7—12—81% NaOH—urea—water mixture and chilled at
—13 °C until completely dissolved. Cellulose beads were obtained
after dropping this solution in 400 mL of 2 M nitric acid at room
temperature. After 1 h, the swollen beads were washed with water to
remove excess nitric acid until a pH of 7 was reached and
consequently air-dried. This air-drying caused shrinking and horn-
ification, resulting in the formation of dense, compact xerogel
cellulose beads.**

https://doi.org/10.1021/acs.biomac.2c00998
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Functionalization of Beads. Cellulose beads were initially
activated through sodium periodate oxidation based on an earlier
procedure with some adaptations.”® To 500 mL of water, 8.12 g of
sodium periodate was added, and the flasks were wrapped in an
aluminum foil to minimize light exposure to the periodate. Then, 5.00
g of dry cellulose beads were added and allowed to react for 2, 4, and
8 h at room temperature. Oxidized beads were added to ethylene
glycol to deactivate the remaining periodate and subsequently
extensively washed with water.

Initially, 0.125 mol of the respective diamines, in large excess
compared to the oxidized particles, were dissolved in 250 mL of
DMAc. Next, the oxidized beads were added and allowed to react for
2 h at room temperature. The formed imine bond was reduced with
sodium tetrahydroborate. Amino-activated beads were washed
extensively first with DMAc and water afterward. Cellulose beads
decorated with 4,4'-methylenedianiline, 4,4'-oxydianiline, and 4,4'-
sulfonyldianiline were hereafter, respectively, referred to as C-, O-,
and S-diamine beads and are shown in Figure 1.
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> ¢ * s
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Figure 1. Dry amine beads were obtained after reacting oxidized
cellulose beads with distinct diamines. From left to right, 4,4'-
methylenedianiline, 4,4'-oxydianiline, and 4,4’-sulfonyldianiline func-
tionalized beads.

Specific Surface Area. Nitrogen sorption was performed on the
amine-activated beads (after an initial 4 h oxidation) using a
Mesopore 222 apparatus (3P instruments, Odelzhausen, Germany).

Aldehyde Content. The determination of the aldehyde content is
based on the protocol described by Dang and co-workers with minor
modifications.”* Hydroxylamine hydrochloride (20 mL, 0.05 g/mL)
was added to 20 mL of distilled water. The pH of the system was
adjusted to 4.5 using 0.1 mol/L NaOH. Then, 1.0 g of dry oxidized
beads were added to the solution. In a heated shaking water bath, the
reaction between the aldehyde and hydroxylamine hydrochloride
proceeded at 40 °C for 4 h, liberating HCl in the process. The HCI
concentration was determined by titration with 0.1 mol/L NaOH.
Blank experiments were executed with unmodified beads. With the
titrated volume obtained, the aldehyde content per anhydrous glucose
unit (AGU) is calculated as follows:

(V- %) _ 162

n(CHO) =2
AGU

1

where ¢ is the concentration of NaOH, V, and V;, are the used
volumes of the NaOH solution for the oxidized and unmodified
beads, respectively, and .4 is the mass of the beads added. The
number 162 represents the molar mass of one AGU.

Enzyme Immobilization and Activity Assay. In total, SO uL of
the commercial enzyme stock solution was first diluted in S0 mL of
phosphate buffer (pH 7). Then, 0.2 g of diamine beads, S mL of the
enzyme solution, and 500 uL of 5% glutaraldehyde (GA) were mixed
and stirred for 2 h to activate the beads. The beads were repeatedly
washed with an acetate buffer (pH S). Next, the beads were
resuspended in S mL of a 1% xylan solution with pH S. The hydrolysis
reaction was performed at 80 °C for 10 min. Enzyme activity was
determined by monitoring the amount of reducing sugar released
through the dinitrosalicylic acid (DNS) assay.>> The immobilization
yield (IY) and activity yield (AY) are defined according to
Rajagopalan and co-workers as follows:*"

Mpeads

IY (%) = X 100%

)
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[V — g 0,
AY (%) " X 100% 3)
where A, B, and C represent the activity of the total amount of
supplied enzymes, the activity of the supernatant after immobilization,
and the activity of the immobilized enzyme, respectively. The
production of short-chained xylooligosaccharides was essayed using
the diamine particles that were initially oxidized for 4 h. The XOS
composition was evaluated with high-performance anion exchange
chromatography with integrated pulsed amperometric detection
(HPAEC-IPAD) after the enzymatic hydrolysis for 24 h at 80 °C.
Rhamnose was added to the XOS mixtures as an internal standard.
The calibration was performed with standard solutions of arabinose,
xylose (X;), xylobiose (X,), xylotriose (X;), xylotetraose (X,),
xylopentaose (X;), and xylohexaose (X;). The XOS yield was
calculated after determination of the stoichiometric factors:>>

yieldyos = (0.936 X C, + 0.956 X C; + 0.967 X C,

+0.973 X Cg + 0.977 X C)/(Cypn)

(4)

where C, is the concentration of the respective oligosaccharide and
Cyylan is the initial xylan concentration.

The determination of the aldehyde content, nitrogen sorption, and
xylanase immobilization as well as the measurements regarding the
enzyme activity was performed in triplicate.

TOF-SIMS Analysis. Samples were chemically characterized using
a TOF.SIMS S instrument (IONTOF GmbH, Miinster, Germany)
with a pulsed Bis" metal ion source, which generated the primary
beam using an acceleration voltage of 30 kV. An AC target current of
0.08 pA with a bunched pulse width lower than 1 ns was used. Both
positive and negative secondary ion species were collected and
analyzed. A raster containing 128 X 128 data points, measured over an
area of 250 X 250 um?, was used to collect the spectra from the amino
cellulose surface. The total primary ion beam dose for each analyzed
area was always kept below 5 10' ions cm™, ensuring static
conditions. In both positive and negative spectra acquisition, a lateral
resolution of ~3 ym and a mass resolution m/Am of > 4000 at 29 m/
z were maintained. Charge compensation was done by an interlaced
electron flood gun (E; = 20 eV). Data analysis was carried out using
the software supplied by the instrument manufacturer, SurfaceLab
(version 6.8).

B RESULTS AND DISCUSSION

Highly swollen porous beads were obtained after dropping the
cellulose solution in diluted nitric acid. The obtained cellulose
hydrogel spheres were washed with water until the pH
remained stable at 7. Air-drying causes the particles to contract
and pores to colleg)se, caused by an irreversible process defined
as hornification.”® The compact cellulose xerogel beads were
activated by exploiting highly selective surface oxidation with
sodium periodate. To determine the contribution of grafting
density on enzymatic activity, the beads were oxidized for
different durations. For 2, 4, and 8 h oxidation times, the
cellulose beads carry aldehyde contents of, respectively, 0.12 +
0.01, 0.35 + 0.08, and 0.72 + 0.05 aldehydes/anhydrous
glucose unit (CHO/AGU). By applying brief oxidation times,
the shell of the beads is highly functionalized and it leaves
sodium periodate less time to permeate deeply inside the dense
cellulose beads. High degrees of periodate oxidation are
associated with reduced crystallinity, particularly for cellulose
II, which would weaken the stability of the beads in water.
Dialdehyde cellulose, with a high degree of substitution, is even
claimed to be water-soluble.””

Dang and co-workers obtained an aldehyde group content of
0.75 (CHO)/AGU after 5 h oxidation at 30 °C but proved
that this could be increased using pretreatments prior to the
oxidation or by exploiting electrochemically assisted periodate

https://doi.org/10.1021/acs.biomac.2c00998
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oxidization.>* Sirvi6 and co-workers used 3 h oxidation at 55
°C to obtain cellulose with aldehyde contents of 0.54 (CHO)/
AGU and 0.64 (CHO)/AGU."' Both these values are
considerably higher than the values presented after the 4 h
oxidation protocol here, yet lower than the aldehyde contents
for beads oxidized for a duration of 8 h.

The periodate oxidation creates the necessary platform to
produce amino cellulose beads. In earlier work, Lindh and co-
workers demonstrated that amine cross-linked beads could be
fabricated from periodate oxidized nanocellulose.”” Others
have decorated dialdehyde cellulose with ethylenediamine,*
guanicline,41 and monoamines.*”** To ensure that just one end
of the diamine was attached to the bead interface, the
activation of the beads was performed in a large excess of 4,4'-
diaminodiphenylmethane, 4,4-oxydianiline, and 4,4’-sulfonyl-
dianiline. By grafting different diamine spacer arms on the
aldehyde-activated bead surface, the objective of this work is to
study the effect of the spacer arm on enzyme activity and
selectivity. The amines differ in their center moiety connecting
the two aromatic rings, as illustrated in Figure 2. This

Spacer-arm
impacting
enzyme
performance

Figure 2. 4,4'-Methylenedianiline (C-) tether on the left, the 4,4’
oxydianiline (O-) tether in the center, and the 4,4’-sulfonyldianiline
(S-) tether on the right are grafted on the surface of cellulose beads.
The tethers differ in chemical composition between the benzyl
groups, thereby exerting differences in dipole moment, creating an
altered microenvironment. This altered environment in turn affects
enzymatic activity.

functionality generates differences in the diamine’s dipole
moment, creating an altered microenvironment for enzymes
despite the minor differences in the spacer arm structure.
Nitrogen sorption indicated that diamine beads were
nonporous, with BET areas <1 m?/g. The composition of
the outermost layer from the dense functionalized beads was
analyzed with TOF-SIMS. Samples were examined using the
positive and negative ion spectra. Characteristic fragments of
the diamine beads are listed in Table 1. For all samples, the
positive secondary ions in the TOF-SIMS spectra register the
characteristic carbohydrate peaks at m/z 127 and 145
(C¢H,05" and C¢H,O,", respectively) from the cellulose
hexose monomer, while ions CsH,05" and C;H O, (m/z 115
and 133, respectively) are associated with xylan.”®*’ The
compounds recorded for C;H,O*, C,H;0,", and C,H;0,"
emerge from detaching H,O and CO from the quasi-molecular
carbohydrate ions.”® Low-intensity peaks at m/z 107, 121, 151,
167, and 181 suggest the presence of lignin residues, such as
guaiacyl and syringyl units, residing in low concentrations in
dissolving pulp also end up inside the cellulose beads.”” The
positive ion spectrum, spanning m/z 80.05—155.16, is
displayed for cellulose and diamine beads (Figure 3).
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Table 1. Characteristic Fragments Present in the Positive
and Negative Spectra from the Ionized Samples

material secondary ion m/z signal
cellulose CeH, 05" 127.04
CeH,0," 145.05
4,4'-methylenedianiline C,HyN* 106.07
CN™ 26.00
4,4'-oxydianiline CsHNO* 108.05
CN™ 26.00
4,4'-sulfonyldianiline CsHNO* 108.05
CHNSO* 140.02
CN™ 26.00
S0," 63.96
diamine cellulose CyHgN* 130.06

The compound CHO is readily released by aldehydes and
regular carbohydrates. After normalizing this peak against the
peak related to C¢HyO,", the signal for the oxidized beads
becomes more prominent than that for cellulose and amino
cellulose beads, proving the formation of dialdehyde cellulose.
Peaks in the fragmentation patterns of the pure diamines were
used to identify the presence of the diamines on the cellulose
surface. Fragmentation of pure 4,4’-methylenedianiline gives
rise to the formation of C;HgN* with m/z 106. This cationic
compound is present in the TOF-SIMS spectrum of C-diamine
beads, Figure 3, and indicates the formation of a tropylium
derivative. The mass spectrum of ionized 4,4'-oxydianiline and
4,4’ -sulfonyldianiline displays a signal at m/z 108. The TOF-
SIMS spectrum of the O-diamine beads clearly reveals the
presence of 4,4'-oxydianiline on the bead surface, but the
intensity of the signal is lower for the S-diamine beads. In S-
diamine beads, the signal corresponding to C;HNSO™ at m/z
140 is likewise small. The lower intensity for the S-diamine
beads may indicate a lower degree of functionalization than
those for the other two samples. In the negative spectrum (not
shown), all amine beads reveal a very large peak at CN™. Also,
a clear SO, peak (m/z 64) is found only for the diamine bead
containing the sulfone group.

Interestingly, in the positive spectrum for the diamine beads,
a peak reveals the presence of compound CoHgN* (m/z 130)
on the surface layer, while this signal is absent in the
fragmentation pattern of the pure diamines. While rearrange-
ment patterns for diphenyl ethers were elucidated earlier,®"**
Baira and co-workers further expanded on this earlier work,
demonstrating that protonated diphenyl and phenyl pyridyl
ethers go through various rearrangements resulting in a
multitude of ion compound peaks. This rearrangement process
is caused by the interaction between the aromatic rings.””
Here, after ionization, the molecular fragments from the
diamine cellulose possibly go through a similar rearrangement
eventually forming CoHgN™.

Figure 4 reveals the impact of cellulose oxidation duration
and diamine spacer arm selection on the enzymatic activity of
the beads. Regardless of the selected spacer arm, 4 h oxidation
provided greater enzymatic activity. Two-hour oxidation is
likely lacking in surface functionality, thereby binding less
protein on the surface. Higher degrees of functionalization,
such as the case after 8 h oxidation, may cause excessive
enzyme—bead cross-linking, hindering protein dynamics and
therefore activity. Unlike 4 h oxidation, for 2 and 8 h oxidation,
the spacer arm has minimal influence on reducing sugar
production. Xylanase-activated beads display activities of 5.1 &
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Figure S. Activity (pH S, 80 °C) decreases rapidly for both immobilized (beads oxidized for 4 h) and free enzymes. Immobilization enhances the
stability of xylanase in particular past the 90 min mark.

04, 3.9 + 0.3, and 4.6 + 0.1 U/gy.q4 for C-diamine-, O- 74.5 + 2.1, and 70.4 + 0.8% for the respective samples, the
diamine-, and S-diamine-activated beads when 4 h oxidation immobilized activity is considerably lower with 4.9 + 0.5, 3.8 +
was applied. While the immobilization yield is high, 66.7 + 3.5, 0.3, and 4.3 + 0.1%. The underlying cause for the IA reduction
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Figure 6. Composition of enzymatically hydrolyzed beechwood xylan after conversion for 24 h at 80 °C, pH S with a starting concentration of 1 g/
100 mL xylan. XOS mixtures prepared from immobilized endo-1,4-f-xylanase (beads initially oxidized for 4 h) were despite delivering a lower XOS

yield extensively enriched in xylotetraose and xylohexaose.

is likely due to all of the enzyme activity being concentrated
just in one spot, the external sphere surface. As 4 h oxidation
proved superior, the diamine beads subjected to 4 h oxidation
were studied more in depth.

Compared to porous systems, the obtained activities in this
work are lower. Milessi and co-workers reached an activity of
16.3 U/gy..qs When immobilizing xylanase from Bacillus subtilis
on porous glyoxal—agarose beads when a similar enzyme load
was offered. This value could be further increased by increasing
the protein load to 105 U/gbeads_52 Similarly, Kapoor and
Kuhad also reported greater activities in immobilized xylanase
from Bacillus pumilus when using enzyme loads of 1000 U/g
with birchwood xylan.”> Others have reported activities up to
62.6 U/gp..qs using a purolite-based support material again
using a higher protein load.'* The limited available surface, due
to the selected drying technique, together with the overall
lower enzyme load supplied to the carrier for conjugation
explains the lower enzymatic activities obtained for the dense
amino cellulose beads. Dense cellulose xerogel beads were
chosen as carriers to target the synthesis of XOSs with DPs >
3, as porous systems are known to target the fabrication of
xylobiose and xylotriose.””**

The xylanase activity decreases rapidly at 80 °C in both
immobilized and free enzyme systems, as indicated in Figure S.
Limited gains in protein stability were achieved after
immobilization with no distinct difference between the
samples. After 3 h, xylanase immobilized on C-, O-, and S-
diamine beads retained 16%, 18%, and 16% of their initial
activity, while unbound xylanase retained 10% of its activity
under identical conditions. The compositions of xylooligosac-
charide mixtures were studied after enzymatic hydrolysis for 24
h, as displayed in Figure 6. Only levels of nonsubstituted
xylooligosaccharides were analyzed from the XOS solution. No
arabinose was detected in the final XOS mixture. The xylose
(X;) concentration, a side product in XOS production,
remained low for the immobilized samples. Its presence is
undesired, as it lowers XOS yield and may inhibit xylanase
activity.'” Further, it was observed that XOS mixtures were
enriched in xylotetraose (X,) and xylohexaose (X;) with
surprisingly limited availability in xylopentaose (Xs). Xylanase
bound on C-diamine-, O-diamine-, and S-diamine-function-
alized beads provided XOS yields of 42.81, 37.91, and 58.27
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mg/g, respectively. The functionalization of oxidized cellulose
beads with 4,4'-sulfonyldianiline greatly increased the yield
over the other spacer arms. The XOS yield obtained using the
same quantity of the free enzyme as employed in the
immobilization was 392.59 mg/g, in which less than 1%
displayed DPs between 4 and 6. To observe which
oligosaccharide fractions appear at XOS concentrations similar
to those obtained with immobilized xylanase, a slightly more
diluted free enzyme solution was used for xylan hydrolysis,
resulting in a yield of 26.94 mg/g XOS. These XOS fractions
are displayed in Figure 6.

Higher XOS yields in immobilized systems have been
demonstrated before, even up to 515 mg/ g.so However, that
study made use of corncob xylan as a substrate source and a
porous carrier to achieve this yield. Their XOS formulation
mainly consisted of xylobiose (X,) and xylotriose (X;) with
minor amounts of X, while X; was absent in the XOS mixture.
A similar observation was made by Milessi and co-workers
using a porous agarose-glyoxal support in which the retrieved
XOS was composed of a combination of X,—X,. After 24 h, the
mixture contained between 223 and 246 mg/g XOS,
depending on the used substrate, with a large fraction of
sugars having DPs > 7.°” Higher-DP XOS production has, to
the best of our knowledge, only been demonstrated earlier
using nanoparticle carriers as performed by Shivudu and co-
workers. Their findings further confirm that the xylan source as
well as the carrier material impacts the final XOS compositions.
For commercial beechwood xylan, the immobilization on
carbon nanoparticles enhanced selectivity for high-DP XOSs,
but this lowered the final XOS yield. The use of silica particles
was favored in the preparation of high-DP XOSs when
handling sugarcane bagasse xylan.’* The X, and X; fractions in
this work were limited up to 6% and 12%, respectively, but
were instead obtained using nonporous beads with a diameter
exceeding 1 mm. Thus, while the nonporous functionalized
carriers enabled this shift toward higher-DP fractions, it comes
at the cost of lower XOS productivity.

With the increasing interest in rational design in enzyme
immobilization, the identification and engineering of enzymes
received great attention in the last few decades.'®®® Despite
the great interest in the development of new enzyme systems,
enzymes are mainly conjugated without engineering the carrier
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surface. Often, the proteins are conju$ated on simple carriers
such as activated alginate,23 agarose, 427 or chitosan®”*® in
which the immobilization simply just differs in the mode of
conjugation, the cross-linking densities or, alternatively, the
performances of completely different supports are compared to
one other.

It is generally accepted that the carrier contributes to the
microenvironment by enabling the orientation of enzymes
during the immobilization, enhancing stability, and impacting
activity and selectivity.'® To introduce small changes in the
enzyme microenvironment, beads with three distinct tethers
were fabricated. While xylanase conjugation on 4,4’-methyl-
enedianiline-activated beads provides greater activity, over the
course of 24 h more XOSs are fabricated exploiting S-diamine
beads. The diamines here displayed a highly similar structure,
yet by changing the central moiety in the diamine, enzymatic
activity was affected. Nevertheless, the XOS fractions remained
nearly identical regardless of the chosen spacer arm. This work
therefore stresses the need for proper carrier design as an
integral part of protein immobilization to exploit the full
potential of enzymes. Furthermore, the XOSs fabricated in this
work are quite unique for immobilized endo-1,4-f-xylanase,
enriched in higher-DP oligosaccharides.

B CONCLUSIONS

With the goal of producing xylooligosaccharides with DPs
between 4 and 6, we engineered cellulose beads with different
spacer arms to study the impact of the spacer arm on
enzymatic XOS fabrication. Cellulose beads were initially
functionalized with 4,4’-methylenedianiline, 4,4'-oxydianiline,
and 4,4'-sulfonyldianiline, and the bead surface was con-
sequently analyzed with TOF-SIMS, confirming the presence
of the tethers. Endo-1,4-f-xylanase from T. maritima
immobilized on 4,4’-methylenedianiline-, 4,4'-oxydianiline-,
and 4,4’-sulfonyldianiline-activated beads resulted in activities
of 5.06, 3.93, and 4.55 U/gy..qs with XOS yields of 42.81,
37.91, and 58.27 mg/g, respectively. Approximately 80% of
XOSs had DPs between 4 and 6. On the other hand, XOSs
fabricated using the free enzyme presented a substantial
fraction of xylobiose and xylotriose. In summary, the
conjugation altered the selectivity of endo-1,4-f-xylanase
toward xylooligosaccharides with higher degrees of polymer-
ization. This work further proved that even minor changes to
spacer arms greatly impact the performance of the immobilized
xylanase, highlighting the importance of carrier surface
engineering in immobilizing xylanase for XOS production.
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