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ARTICLE INFO ABSTRACT

Keywords: Xylans' unique properties make it attractive for a variety of industries, including paper, food, and biochemical
Enzymatic degradation production. While for some applications the preservation of its natural structure is crucial, for others the
Xylanases

degradation into monosaccharides is essential. For the complete breakdown, the use of several enzymes is
required, due to its structural complexity. In fact, the specificity of enzymatically-catalyzed reactions is guided by
the surface, limiting or regulating accessibility and serving structurally encoded input guiding the actions of the
enzymes. Here, we investigate enzymes at surfaces rich in xylan using surface plasmon resonance spectroscopy.
The influence of diffusion and changes in substrate morphology is studied via enzyme surface kinetics simula-
tions, yielding reaction rates and constants. We propose kinetic models, which can be applied to the degradation
of multilayer biopolymer films. The most advanced model was verified by its successful application to the
degradation of a thin film of polyhydroxybutyrate treated with a polyhydroxybutyrate-depolymerase. The herein
derived models can be employed to quantify the degradation kinetics of various enzymes on biopolymers in
heterogeneous environments, often prevalent in industrial processes. The identification of key factors influencing
reaction rates such as inhibition will contribute to the quantification of intricate dynamics in complex systems.

Reaction kinetics
Multilayer thin films
Polyhydroxybutyrate
Biopolymers

2017), the kinetic parameters obtained are not necessarily applicable to
reactions occurring in a heterogeneous environment, where enzyme

1. Introduction

Xylanases are enzymes that selectively cleave the p-1,4-linked
backbone of xylan and are classified into different glycoside hydrolase
(GH) families, depending on their amino acid sequences and structural
features, with families 10 and 11 being the best known (Collins et al.,
2005). The activity of the xylanases can vary depending on the species,
which it is obtained from, but also on the reaction environment (pH,
temperature, buffer concentration, substrate specificity, presence of in-
hibitors) (Chen et al., 2016; Gebruers et al., 2010). While most estab-
lished methods for determining the activity of xylanases and enzymes
are generally performed in solution e.g. spectrophotometric assay, DNS
method, xylose equivalent release (Bailey et al., 1992; Boucherba et al.,
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reactions can be orders of magnitude slower as a result of multiple en-
ergetic and transport factors (Lee et al., 2007). Therefore, enzymatic
reactions at a liquid/solid interface still need to be better understood.

To investigate heterogeneous surface reactions, different approaches
are needed. One versatile technique is surface plasmon resonance
spectroscopy (SPRS), which is a sensitive method capable of recording
the real-time activity of enzymes on immobilized substrates. Corn and
coworkers published pioneering work on kinetics simulation of SPRS
data using a combination of Langmuir and Michaelis-Menten concepts
(Fang et al., 2005; Lee et al., 2005; Lee et al., 2006).

Guided by these works, we aim to identify the kinetic reaction rates
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for the heterogeneous enzymatic degradation of xylan. We further
developed the xylan cellulose thin films from a previous study (Schau-
beder et al., 2022) to quantify the xylanolytic activity of xylanases and
investigate the influence of diffusion and substrate morphology on the
degradation kinetics. We used the model proposed by Corn and co-
workers (Lee et al., 2005) to observe if it is applicable on the degrada-
tion of a multilayered xylan film, which is a more complicated system
than the 1:1 binding of enzymes to DNA microarrays. As this model does
not give a good fit for most cases, we extended the model to include the
use of multilayered biopolymer films instead of monolayers and include
the Hill coefficient (Hill, 1910) as a factor for the positive or negative
interaction between different enzymes.

To validate this extension, the model was first tested on a synthetic
biopolymer thin film system, namely the degradation of poly-
hydroxybutyrate (PHB) with a PHB-depolymerase (PHB-DP) that is
structurally less complex than xylan, that has a linear backbone, yet that
is decorated with various substituents whose abundance depends on the
plant source of xylan and processing method. PHB belongs to the class of
polyalkanoates characterized by linear polymer chains comprised solely
of 3-hydroxybutyric acid molecules, which exist in the (R)-enantiomeric
form when naturally produced in organisms. The polymer exhibits hy-
drophobic and thermoplastic properties with a high degree of crystal-
linity, which can reach up to 80 % (dos Santos et al., 2017; McAdam
et al., 2020). Considering these properties, the degradability of PHB is
further influenced by a multitude of factors, including stereoregularity,
crystallinity, temperature, surface accessibility and particle size (Kalia
et al., 2021).

We hypothesize that the heterogeneous enzymatic surface reactions
can be modeled using multilayered biopolymer thin films, validate it for
PHB and demonstrate it for using xylan degradation by different xyla-
nases to better understand the parameters affecting degradation. This
will enable a more sophisticated understanding of the complex nature of
heterogeneous enzymatic surface reactions and contribute to their
quantification. By understanding the surface activities of enzymes and
its catalytic reactions and inhibition effects, industrial processes can be
adapted for better utilization or higher yield. The derived python code
allows for analyzing many more heterogeneous enzymatic surface re-
actions and has been designed in a way that it can be used also by non-
advanced programmers.

2. Derivation of the underlying reaction model

In the simplest case, heterogeneous surface reactions are defined by a
general reaction scheme consisting of two steps that control the overall
reaction rate. The first step is the adsorption (and desorption) of enzyme
E from solution onto the surface bound substrate S, which produces a
substrate-bound enzyme-substrate complex ES (Eq. (1)). This step can be
described by Langmuir adsorption kinetics, where k, and kq are the
Langmuir adsorption and desorption rate constants, and k,/kq is the
Langmuir adsorption coefficient Kaqs. The second step is the enzymatic
surface reaction of the ES complex to form the surface-bound product S*
via the catalytic surface reaction rate k., and the release of the enzyme
back into solution (Eq. (2)) (Lee et al., 2007).

ka

S+E = ES (€D}
kq

ES ™S +E )

In general, the modeling of multistep enzymatic reactions in solution
is based on the steady-state approximation. In this approximation, the
enzymatic reaction is assumed to proceed in two phases: a transient
initial phase in which a small amount of the ES complex is formed, and a
steady-state phase in which the concentration of the ES complex remains
constant over time due to the equilibrium between complex formation,
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dissociation, and consumption by the catalytic reaction. In addition, it is
assumed that small amounts of substrate are consumed in the first pre-
steady-state phase, which can be neglected. However, in heteroge-
neous enzymatic surface reactions where the amount of substrate bound
to the surface is limited, a significant amount of substrate may be
consumed before a steady-state concentration is reached in the ES
complex. Therefore, using the steady-state approximation to model
enzymatic reactions on immobilized substrates is questionable, as has
been noted in the literature (Anne & Demaille, 2012; Fang et al., 2005;
Gutiérrez et al., 2004; Lee et al., 2005; Lee et al., 2006).

Another complicating factor regarding liquid-solid interface re-
actions is that diffusion effects can occur. Therefore, a step is added to
account for the mass transport of the enzyme from the solution (Ex—c))
to the surface of the substrate (Ex—o)) via the mass transport coefficient
km (Eq. (3)) introducing a dimensionless parameter $, which describes
the steady-state diffusion of the enzyme to the surface (Bourdillon et al.,
1999; Lee et al., 2007).

Efeeo) =5 Egeco) €)

Corn and co-workers have derived the differential kinetic equations
describing this three step reaction including the diffusion effects based
on the relative surface coverage 0 of the three species S, ES, and S* (Egs.
(4), (5), and (6)) (Lee et al., 2005).

O+ Ops + 05 =1 @

dOs  kuOs[E] — kaOks — keaiOks ()
dr 1 + p0s

dOy

7; = keaOks ©)

The relative surface coverage of species x is defined as 6y = I'y/Itot,
where I’y is the number of surface sites occupied by species X, I'tot is the
total number of surface sites, and  compares the rate of adsorption and
diffusion according to Eq. (7).

_ karrm(s _ k{lrlﬂl

D T )

p

Here, D is the diffusion constant of the enzyme, ky, is the steady-state
mass transfer coefficient (= D/§) and & is the steady-state diffusion
layer thickness, which depends on the flow rate and the dimensions of
the flow cell according to Eq. (8) (Christensen, 1997).

3 /Dh2bl

o= 7

(8)

Here, D again denotes the diffusion constant of the enzyme, h, b, and [
the height, width, and length of the flow cell, respectively, and F the
volumetric flow. The diffusion constant of the enzyme can be estimated
using Stoke's law and the Einstein-Sutherland equation (Eq. (9))
(Christensen, 1997), where My is the molecular weight of the enzyme, U
is the specific density (normally around 7.0-7.55-10~* m3kg™! for
proteins), k is the Boltzmann's constant (1.381.10°% J-K’l), T is the
absolute temperature, N, is the Avogadro's number (6.022-1023~m01’1),
i is the viscosity (around 0.001 kg-s-m 1) and f/f; is the friction factor of
the enzyme relative to a sphere of the same size, which is usually around
1.2 for most globular proteins (Squire & Himmel, 1979).

D= __ K (©)

o st f
6m 47!13/4 TIE

The kinetics simulations can then be performed using numerical
integration methods with the initial conditions 6s = 1, gs = 0s* = 0 at
time t = 0, using Egs. (4), (5) and (6) as proposed by Corn and co-
workers, who successfully modeled data from SPRS measurements
with this approach (Fang et al., 2005; Lee et al., 2005; Lee et al., 2006).
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However, they had a monolayer of substrate immobilized on the SPRS
sensor slides, which enabled the use of relative surface coverages. Here,
we aim to expand the model to make it suitable for multilayered films,
hence the denotation changes from relative surface coverage 6x to mole
fraction Xy. Additionally, the substrate S is differentiated into non-
degradable substrate S,q and surface substrate Ss. These modifications
yield the updated modeling equations (Egs. (10), (11), (12), and (13)).
This introduction of a non-degradable substrate fraction is especially
important for the xylan/xylanase system dealing with in this work, since
xylan is a heterogeneous biopolymer in nature, therefore making it
difficult for a single enzyme to degrade the entire macromolecule as
most enzymes can only cleave a specific bond leaving behind other
linkages that require different enzymes for degradation (Bhardwaj et al.,
2019). The non-degradable substrate fraction is therefore the sum of all
substrate fractions that cannot be degraded as a result of blocking by
steric hindrance, inaccessibility, and substrate specificity, and can vary
greatly depending on the biopolymer used. This model will be referred
to as Model 1 hereafter.

k(l
S5+ Sy +E = ES+ S 3 S" +E+ S 10
ka
Xs, + X5, +Xps + Xy =11 an
dXps _ kaXs, [E] — kaXEs — keaXes 12)
dt 1 + pX;,
Xy
5 = kX 13
7 Xes 13)

Another factor that must be considered is that we are dealing with
substrates that can have multiple non-identical sites per molecule for
enzyme action. Therefore, an interaction parameter n was added to the
reaction scheme according to Eq. (14). This enzyme-substrate interac-
tion parameter is also known as Hill coefficient, which is widely used in
pharmaceutical engineering and is a measure of the cooperativity of
binding between enzyme and substrate (Hill, 1910). Consequently, the
differential equation must be adjusted according to Eq. (15) and can be
used directly instead of Eq. (12). The parameter n is only included in the
numerator, since it is assumed to be negligible for the diffusion step in
the proposed model. This model will be referred to as Model 2 hereafter.

kd
1S5+ S +E = ES, + S5 S +E+Su 14)
ka
dXes, kX [E] — kX5, — keaXks,
ESy _ S,\[ ] I ES, A ES, 1s)
d 1+ pXs,

3. Materials and methods
3.1. Materials

Xylan isolated from birchwood (DP70-1000; product code X0502)
was purchased from Sigma Aldrich and used without further purifica-
tion. The xylan was comprised of 89 wt% xylose with <1 wt% arabinose
and <1 wt% glucose residues (90 % total carbohydrates) and contained
approximately one uronic acid unit per eleven xylose units (Gabrielii,
1998; Palasingh et al., 2021). Sodium phosphate monobasic dehydrate
(purum p.a., crystallized, >99.0 %), sodium phosphate dibasic dehy-
drate (BioUltra, >99.0 %) and bovine serum albumin (lyophilized
powder >96 %, A2153) were purchased from Sigma Aldrich. Chloro-
form (CHCls, stabilized with about 0.6 % ethanol) and hydrochloric acid
(HCl, 37 %) were purchased from VWR Chemicals. Dimethylsulfoxide
(DMSO >99.5 %) and hydrogen peroxide (H203, 30 % in water) were
purchased from Carl Roth. Sulfuric acid (H3SO4, >95 %) was purchased
from Fisher Scientific (UK). Trimethylsilyl cellulose (TMSC, prepared by
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silylation of Avicel, DSg; = 2.74, M,, = 181,000 g-mol’l, M, = 30,400
g-mol ™!, PDI = 6.1, determined by size exclusion chromatography in
chloroform) was purchased from TITK (Rudolstadt, Germany). Endo-
1,4-p-D-xylanase from Neocallimastix patriciarum (cat. no. E-XYLNP;
GH11y,),) and endo-1,4-p-xylanase from Cellvibrio japonicus (cat. no. E-
XYNACJ, GH10c;) were purchased from Megazyme International (Bray,
Ireland). The endo-1,4-4-xylanase from Blastobotrys mokoenaii GH11g 1,
was obtained from Industrial Biotechnology division, Chalmers Uni-
versity of Technology, Sweden and characterized as BmXynl11A by Ravn
et al. (2023). All above-mentioned chemicals were used as received.
SPRS metal sensor slides (CEN102Au) with a chromium adhesion layer
of approx. 5 nm on glass and a gold coating of approx. 50 nm were
obtained from Cenibra (Bramsche, Germany). MilliQ water (resistivity
= 18.2 MQ-cm) from a Millipore water purification system (Millipore,
USA) was used for all experiments. Poly-3-hydroxybutyrate (PHB)
powder (ENMAT Y3000 PHB, M,, = 350,000 g-mol !, melting temper-
ature 175 °C, purity 99 %) was purchased from Helian Polymers BV
(Netherlands) and used without further purification. PHB-depolymerase
was isolated from Acidovorax sp. and expressed in E. coli Origami B and
stored in 10 mM potassium phosphate buffer pH 7.4 including 100 mM
NacCl.

3.2. Thin film preparation

Xylan was dissolved in DMSO at concentrations of 20, 30, or 40
mg-ml~! aided by activation with deionized water according to Schau-
beder et al. (2022). PHB was directly dissolved in chloroform at a con-
centration of 1.25 g1l The solutions were directly used for spin
coating. SPRS sensor slides were cleaned for 2 min with a piranha so-
lution containing H205 (30 wt%)/H2SO4 (1:3 v/v) followed by rinsing
with MilliQ water for several min and subsequently dried in a nitrogen
stream. TMSC was dissolved in chloroform at a concentration of 0.75 wt
% in an ultrasonic bath (45 W) accompanied by heating (60 °C) for
approximately 6 h. The solution was then filtered with a 0.45 pm PTFE
filter and the resulting solution (80 pl-cm~2) was deposited on the SPRS
sensor slides and subjected to spin coating (t = 60 s with a spinning
speed of 4000 rpm, acceleration of 2500 rpm-s ™). The TMSC films were
regenerated for 14 min by exposing them to HCI vapor, generated from
diluted HCI solution (10 %) (Mohan et al., 2012). The cellulose thin
films produced serve as an anchoring layer to obtain homogeneous xylan
films. Without further treatment, 160 pl of the corresponding xylan
solution was spin coated on the cellulose film (t = 60 s, 4000 rpm, 2500
rpm~s_1) according to a modified literature procedure (Rohm et al.,
2014). For the PHB film, 160 ul PHB solution was directly coated onto
the cleaned SPRS sensor slides.

3.3. Enzgyme solutions

Endo-1,4-p-xylanase GH11y,, solution with a concentration of 323
nM (5 U-ml™ 1) was prepared in 100 mM sodium phosphate buffer, pH 6
with 0.5 mg-ml~! bovine serum albumin, acting as protein stabilizing
agent. Endo-1,4-f-xylanase GH11p,, and GH10c; solutions with a
concentration of 775 nM (5 U-ml~!) were prepared in 100 mM sodium
phosphate buffer, pH 5 with 0.5 mg-ml~! bovine serum albumin. One
unit of xylanase activity is defined as the amount of enzyme required to
release one pmol of xylose reducing-sugar equivalents per minute from
wheat arabinoxylan (Megazyme Ltd., Bray Business Park, Bray, Co.
Wicklow, A98 YV29, Ireland). PHB-depolymerase (PHB-DP) solution
with a concentration of 505 nM (0.03 U-ml~1) was prepared in 200 mM
sodium phosphate buffer, pH 7.4. For the SPRS experiments, a total of
200 pl enzyme solution was applied in the SPRS chamber at the corre-
sponding flow rate and experiment time, resulting in a total of 0.006 U
PHB-DP and 1 U xylanase applied per experiment.
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3.4. Determination of PHB-DP activity using a photometrical assay

The specific activity of PHB-DP was determined by quantifying the
product concentration formed at specific time intervals using a D-3-
Hydroxybutyric Acid Assay Kit (Kientsch-Engel & Siess, 1990) obtained
from Megazyme Ltd. (Bray Business Park, Bray, Co. Wicklow, A98 YV29,
Ireland). Initially, 10 mg of PHB powder (ENMAT Y3000 PHB, M,, =
350,000 g-mol !, purity 99 %) was weighed in duplicates and placed in
2 ml Eppendorf tubes, followed by the addition of 1 pg of purified PHB-
DP to 1 ml of 200 mM potassium phosphate buffer (PPB) pH 7.4, all
conducted on ice. Subsequently, after incubating the enzyme-substrate
mixture for 5 min at 4 °C with agitation at 550 rpm, the PHB powder
was three times washed with cold 200 mM PPB pH 7.4 for 5 min each at
4 °C and 550 rpm. To initiate the enzymatic reaction, fresh 2 ml of 200
mM PPB pH 7.4 was added, and the samples were placed in a rotation
wheel at 37 °C. At specific time intervals (15, 60, 90, and 120 min), 70 pl
aliquots were extracted and frozen for subsequent analysis. The con-
centration of 3-hydroxybutyric acid (3HB) after different sampling time
points was photometrically determined in triplicate using a Synergy
plate reader in a 96-Well plate format. In the initial enzymatic reaction
catalyzed by 3-hydroxybutyric acid Dehydrogenase (3-HBDH), 3HB
underwent oxidation to form acetoacetate and NADH, utilizing NAD as a
cofactor. In a subsequent reaction, NADH was used to reduce iodoni-
trotetrazolium chloride (INT) to produce an INT-formazan product,
measurable at 492 nm. The quantity of INT-formazan generated during
the reaction was stoichiometrically related to the amount of 3HB present
in the sample. For each measurement, 10 pl of 3HB standard solution
from the Megazyme assay Kit, with a concentration of 0.06 mg-ml ™7,
was applied in triplicates. The concentration of 3HB was calculated
using Lambert Beer's law, using a molar extinction coefficient of 19,900
l-mol t-cm™!. The specific activity was subsequently calculated from
the slope of the 3HB concentration curve observed over the 120-minute
reaction period. The mean specific activity of the duplicates was 30
U-mg "}, exhibiting a standard deviation of 1.2 U-mg~, equivalent to 4
%.

3.5. Multi parameter surface plasmon resonance spectroscopy — MP-SPRS

Real-time enzymatic degradation experiments were performed using
an MP-SPR Navi™ 210 VASA from BioNavis Ltd. (Tampere, Finland)
containing four lasers (A = 670, 785, 850, and 980 nm) in measurement
chamber A and two lasers (A = 670, and 785 nm) in measurement
chamber B. All measurements were performed at 25 °C using an angular
scan range of 50 to 78° and a scan speed of 8°-s~!. The SPRS experiment
consists of three steps, first the coated SPRS sensor slides (glass substrate
with a ~5 nm thick chromium adhesion layer and a ~50 nm thick gold
layer) were equilibrated by rinsing with sodium phosphate buffer (for all
xylanase experiments: 100 mM, pH 6 (GH11y,) and pH 5 (GHp.n, and
GH10c;.) in MilliQ and for all PHB-DP experiments: 200 mM, pH 7.4 in
MilliQ) at the corresponding flow rate of 25, 50, or 100 pl-rnin’1 for
about 30 min. In the second step, the enzyme solution (5 U-ml~! xyla-
nase, or 0.03 U-ml ! PHB-DP in sodium phosphate buffer) was injected
into the system and allowed to degrade the substrate for either 8, 4, or 2
min at a flow rate of 25, 50, or 100 pl-min~!, respectively. In the third
step, the substrates were again rinsed for about 30 min with sodium
phosphate buffer. Triplicates were performed for each sample, resulting
in a total of 6 measurements from which the mean and standard devi-
ation were calculated. BioNavis Dataviewer software was used for data
processing. De Feijter equation (Eq. (16)) was used to calculate the
amount of digested xylan (mg-m~2) (De Feijter et al., 1978). The change
in SPRS angle A® (°) is calculated by taking the average SPRS angle from
10 min of stabilized signal before and after the experiment was per-
formed. The term k-d, (cm/°) can be considered constant for thin films
(<100 nm) and can be calculated by calibrating the instrument by
determining the decay wavelength Id. For the MP-SPR Navi™ 210A
VASA used in this study, the k-d,, value is 1.90 x 1077 em/~ for the 785
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nm laser in aqueous systems. For the xylan degradation a refractive
index increment (dn/dc) of 0.158 cm?®. g_1 was used as determined in an
earlier study (Schaubeder et al., 2022). For degradation of PHB a dn/dc
of 0.187 cm®.g~! was used as reported for proteins in water-based buffer
systems (Robeson & Tilton, 1996). For the conversion of amount of
digested substrate (determined with the De Feijter equation) to a layer
thickness reduction, a density of 1.2 g-cm® was assumed for xylan and a
density of 1.23 g~cm3 was used for PHB (Roohi et al., 2018). The
calculated degraded film thicknesses were used for kinetic simulations
and are given in Table S1.

r= A‘(;k d (16)

Ydc

3.6. Atomic force microscopy measurements

Atomic force microscopy (AFM) images were recorded in tapping
mode using a Tosca™ 400 atomic force microscope (Anton Paar, Graz,
Austria) with silicon cantilevers (AP-ARROW-NCR from NanoWorld AG,
Neuchatel, Switzerland) with a nominal force constant and tip radius of
42 N-m~! and < 10 pm, respectively. Image processing and surface
height distributions were determined with Gwyddion v2.58 software.

3.7. Data pretreatment and kinetic simulations

The data pretreatment and fitting of the experimentally obtained
data to the above-described models was carried out with Python v3.8.8
(Harris et al., 2020; Hunter, 2007; Virtanen et al., 2020; Van Rossum &
Drake, 2009; The pandas development team, 2023). The dependent
differential equations were solved with a 4-5-order Runge-Kutta method
with given initial values. The JupyterLab file containing the data pre-
treatment and fitting methods is provided in the Supporting Informa-
tion. For all experiments, a mean curve of a minimum of 5 measurements
was used for the kinetic simulation. The data was cut to the degradation
regime and normalized according to the initial layer thickness of the film
to range from 1 (total film thickness) to 0 (fully degraded film). For the
fitting a set of parameters is needed, such as initial film thickness [nm],
degraded film thickness by the SPRS experiment [nm], enzyme con-
centration [M], experiment time [min], refractive index increment dn/
dc (see Section 3.5), and the density of the corresponding thin film
[g-cm_3] (see Section 3.5). An overview of the parameters used for
fitting is given in Table S1.

4. Results and discussion

The role of the steps involved in the degradation of heterogeneous
surfaces were elucidated with resolving kinetics using the models pre-
sented in Section 2. The most sophisticated model was first validated on
the degradation of PHB thin films with a PHB-depolymerase, repre-
senting a simpler system. The model was then demonstrated on the
degradation of xylan at different flow rates to investigate the influence
of diffusion effects (Section 4.2), on different xylan film thicknesses to
draw conclusions about morphology effects (Section 4.3), and finally the
efficiencies of three different xylanases were compared (Section 4.4).
Fig. 1 shows a scheme of the degradation of a multilayered xylan film by
a xylanase, divided into the three steps: Diffusion, adsorption/desorp-
tion, and catalytic cleavage.

4.1. Validation of Model 2 using a PHB-depolymerase on PHB

To validate the proposed model, PHB thin films with a thickness of
19 nm were treated with a PHB-DP at a concentration of 505 nM (0.03
U-ml~!). We chose PHB because it is structurally less complex than
xylan, so its degradation with the highly active PHB-DP potentially leads
to rapid and complete degradation. The SPRS curve for the degradation
(Fig. 2a) shows a strong decrease and a region with higher standard
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Fig. 1. Scheme of the degradation of a multilayered xylan film by a xylanase
following the three steps diffusion, adsorption/desorption, and cata-
lytic cleavage.

deviation from minute 12. The blank for this experiment was carried out
by adsorbing PHB-DP on a clean SPRS sensor slide, showing strong in-
teractions between the gold surface and the enzyme. In addition, the
determined layer thickness reduction measured by SPRS (—17.8 nm) is
close to the determined layer thickness measured by profilometry (19 +
2 nm). This confirms that the complete film was degraded during this
experiment and the region with the higher standard deviation at the end
of the experiment corresponds to interactions between the enzyme, the
gold surface, and some residue of PHB. Hence, only the degradation
curve to minute 12 is considered for acquiring the fitting constants.
The quality of the fit is good for the whole measurement range
(Fig. 2b, c). The evolution of the three species shows that only small
amounts of Xgg formed (Fig. 2d), indicating that the enzyme reacts
quickly after adsorption and is immediately released from the surface
(kcat > ka-[E]™). The amount of surface substrate Xss decreases contin-
uously until most of the PHB is degraded, which is already after 1 min. A
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ka of 105,000 M 1s7! and a k4 of 8.1 s ! were determined from the
global fit using Model 2. Also, for the PHB-DP kg is insignificantly small
compared to k. A keat of 28.3 s~! was determined. f is high with a value
of 2500, indicating that diffusion effects occur. The Hill coefficient n is
0.87, indicating negative cooperativity. Xgnq is 25 %, which correspond
to the number of PHB-DP interactions with the gold surface or rests of
PHB. The total number of surface sites I'yo is 11.3 pmol~m’2. Since the
enzyme degraded all the PHB, the total amount of PHB degraded by the
total amount of PHB-DP used during the experiment, can be calculated
with the dimensions of the flow cell. This is 0.229 pg PHB (per flow cell)
divided by 25 pg PHB-DP (amount of enzyme used in 2 min), which
equals 9.2 ng PHB/ug PHB-DP. In contrast, the amount of PHB degraded
by the PHB-DP by the photometric procedure described above (Section
3.4) is 5.124 ng PHB/ug PHB-DP (in 2 min). The proportion of amor-
phous and crystalline structures within PHB plays an important role in
determining its degradation behavior. In the experiment involving the
photometric determination of specific activities, the PHB powder was
utilized without undergoing purification. In contrast, prior to SPR, the
PHB powder was subjected to a purification process including drying at
elevated temperatures, which may have changed the ratios of amor-
phous and crystalline fractions. The degradability of polyesters tends to
decrease as overall crystallinity increases (Nishida & Tokiwa, 1993).
Furthermore, the preferential degradation of the amorphous phase of
PHB and copolymers of 3-hydroxybutyrate and 3-hydroxyvalerate has
been demonstrated through 'H NMR imaging (Spyros et al., 1997).
Another influential factor affecting the outcome of degradation is the
surface area available for interaction between the provided PHB mate-
rial and PHB-DP. To achieve a maximum rate of enzymatic PHB hy-
drolysis, the surface must be sufficiently accessible to all enzyme
molecules. The surface area of a typical PHB film used in an in vitro
degradation experiment is significantly smaller than the surface area of
an equivalent amount of a powdery PHB suspension (Jendrossek, 2001).
Consequently, the PHB-DP concentration at which the available polymer
surface becomes the limiting factor is lower for polymer films compared

o o
=) ) —

A Layer thickness (norm.) O
R
'y

o PHB-DP raw
PHB-DP fit

o

20 40 60 80 100 120
Time [s]

4o

0.6

0.2

Time [s]

Fig. 2. (a) SPRS curve of enzymatic degradation of a PHB film with a PHB-DP and the blank by using PHB-DP on a gold substrate. Results of the global fit of the
normalized SPRS data using Model 2 on a (b) linear and (c) logarithmic x-axis. (d) Evolution of the three species Xgs, Xss and Xs* with respect to time obtained from

the global fit.
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to polymer suspensions (Tomasi et al., 1996). Thus, it is surprising that
higher amounts of PHB were degraded by the SPRS experiment (9.2 ng
PHB/pg PHB-DP) than in solution (5.12 ng PHB/ug PHB-DP), which
indicates that the purification of the substrate has a significant influence
on the degradation rate. Nevertheless, the values are in a comparable
range, which proves the logical validity of the proposed model.

4.2. Influence of the flow rate on the kinetic parameters of xylan
degradation

The differentiating shapes of the curves of the degradation of xylan
by GH11y,, at flow rates of 25, 50, and 100 pl-min~! at the same enzyme
concentration of 323 nM (5 U-ml 1) confirm that it is indeed a diffusion
dependent system (Fig. S1). The datasets were then analyzed by
applying Model 1 (Egs. (10), (11), (12), and (13), Fig. 3a, b) and the
Model 2 (Egs. (11), (13), (14), and (15), Fig. 3¢, d) introduced in Section
2. The fitting quality is especially good at the early part of the experi-
ment (see the logarithmic plots Fig. 3b, d). However, Model 1 cannot
adequately represent the entire measurement range. Therefore, enzyme-
substrate interactions are assumed to be present and Model 2 (Egs. (11),
(13), (14), and (15)) was used for global fitting.

The three degradation curves at various flow rates (Fig. 3) end at
different timepoints since an equal amount of enzyme should pass over
the substrate. Hence at a flow rate of 100 pl-min~! the experiment lasts
only 2 min where we observe a decrease in slope, indicating that the
degradation is getting slower, but is probably not yet finished. Hence,
less xylan was degraded in this experiment compared to the experiments
at slower flow rates. The logarithmic plot (Fig. 3d) shows that the
degradation reaction is delayed for the 25 pl-min~! flow rate compared
to the 50 and 100 pl-min~! flow rates. To gain detailed insights into the
degradation process, the evolution of the three different species enzyme-

Q

25 pl/min raw
——25 pl/min fit
o 50 pl/min raw
——50 pl/min fit
o 100 pl/min raw
——100 pl/min fit

A Layer thickness (norm.)

100 150 200 250 300 350 400 450

Time [s]

25 pl/min raw
——25 pl/min fit
¢ 50 pl/min raw
——50 pl/min fit
o 100 pl/min raw
——100 pl/min fit

A Layer thickness (norm.) ()

0 50 100 150 200 250 300 350 400 450

Time [s]

Carbohydrate Polymers 337 (2024) 122137

substrate complex Xgs, surface substrate Xgg and product Xg* is plotted
over the entire experimental range (Fig. 4). For all flow rates, the
number of the ES complex (Xgg) is small (<10™* over the experimental
range; therefore, the SPRS signal can be directly used for the fitting.
The fitting constants acquired by global fitting with Model 2 are
listed in Table 1. The rate constant for adsorption k, decreases slightly
with increasing flow rate (from 44,100 to 31,200 to 25,400 M~ Ls7! for
flow rates of 25, 50, and 100 pl-min~!, respectively). The desorption
constant kq is about 5 orders of magnitude smaller than k, for all flow
rates indicating a strong affinity between enzyme and substrate. Hence
the data are less sensitive to kg, resulting in a higher deviation for kq
which was also the case in Fang et al. (2005), where a higher confidence
interval was determined for k4 compared to k, and k¢ar. Therefore, we
refrain here from discussing kq for all simulations and also the related
Langmuir adsorption constant Kpgs (=ka/kq) to avoid over-
interpretation. The values for the catalytic constant k¢,t vary between
23.2571 (100 pl-min~1), 34.0 (25 pl-min~1), and 49.0 s7! (50 pl-min 1),
but are in a comparable range. The diffusion coefficient  decreases from
1910 to 1100 to 860 for flow rates of 25, 50, and 100 pl~min_l,
respectively. According to the literature (Christensen, 1997; Karlsson
et al., 1994), the diffusion coefficient should vary with flow rate and be
proportional to £~1/3, which is the case for the kinetics data obtained.
Higher f values indicate faster diffusion of the enzyme to the surface of
the substrate and more frequent collisions and thus faster formation of
the enzyme-substrate complex. The decrease in § can be related to the
decrease in k,. At faster flow rates, diffusion of the enzyme to the surface
is less frequent, so adsorption of the enzyme to form the ES complex is
somewhat slower. The Hill coefficient n decreases with increasing flow
rate from 1.19 to 0.91, to 0.59. At an n of 1, there are no cooperativity
effects, i.e., at a flow rate of 25 pl-min "}, there is positive cooperativity,
meaning that if an enzyme is already bound to a substrate, it is more
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Fig. 3. Xylan thin films treated with a GH11y,, xylanase at three different flow rates. Global fitting of the normalized SPRS data using (a, b) Model 1 or (c, d) Model

2, plotted on a (a, c) linear and (b, d) logarithmic x-axis, respectively.
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Fig. 4. Evolution of the three species Xgs, Xss and Xs* with respect to time for xylan degradation by a GH11y,, xylanase calculated with the determined fitting
constants at different flow rates of (a) 25 pl-min’l, (b) 50 pl-min’l, (c) 100 pl-min’l, and (d) all curves plotted together using Model 2.

Table 1

Fitting constants k,, kq, kcat, #, 1, non-degradable substrate fraction Xg,q, and resulting total number of surface sites I'y,, of the 20 nm thick xylan film degraded with a
GH11y,, xylanase at different flow rates determined from the global fitting using Model 2.

Flow rate ka kq keat p n Xsna Ttot
[ul-min "] Ms7] [s7] s -1 -1 [%] [umol-m~2]
25 44,100 0.4 34.0 1910 1.19 77 23.8
50 31,200 1.9 49.0 1100 0.91 78 24.4
100 25,400 2.2 23.2 860 0.59 83 29.5

likely that another enzyme will bind to the same substrate. When the
flow rate increases to 50 pl~min’1, the Hill coefficient decreases to 0.91,
which could mean that cooperativity has a smaller influence on degra-
dation (n is close to 1). When the flow rate is further increased to 100
pl-min~?, n decreases to 0.59, indicating negative cooperativity, which
also decreases the overall degradation rate. The non-degradable fraction
of the thin film Xg,q is similar at flow rates of 25 and 50 pl-min’1 (77 and
78 % respectively), but increases to 83 % for a flow rate of 100 pl-min "
This can be explained by the shorter experimental time of 2 min, during
which less substrate could be degraded, which is visible in the SPRS
curves (Fig. S1). To check the obtained kinetics data for their logical
validity, the total number of surface sites Iy, was calculated, which
corresponds to the sites where it is possible for the enzyme to cleave the
xylan backbone. First, the height of the steady-state diffusion layer (5) is
needed for the different flow rates, which can be calculated according to
Eq. (8) using the dimensions of the flow cell (length: 7.01 mm, width:
1.4 mm, height: 0.15 mm, according to the manufacturer) and the
diffusion coefficient D for the GH11y,, of 9.33.107 2 m?s7! (according

to Eq. (9) with a molecular weight of 25,800 g'mol’l, at a temperature
of 25 °C, and with the specified values from Section 2). With these
values, the steady-state diffusion layers § would be 17.0 pm, 13.5 pm,
and 10.7 pm for flow rates of 25, 50, and 100 pl-min~!, respectively.
Fang et al. (2005) estimated a diffusion layer of 28 pm for the 200 pm
deep SPR flow cell at a flow rate of 30 pl-min !, which is in a comparable
range. We can then use § to calculate the mass transfer coefficient kp,
(=D/8). We obtain ky, values of 0.55, 0.69, and 0.87 pm~s_1, for the
investigated flow rates of 25, 50, and 100 pl-min~!, respectively, which
corresponds to the speed of the mass diffusion process. Since  and k, are
linked to the total number of surface sites I'to via Eq. (7), we can
calculate I'yo; with the fitted values of § and k, and the calculated value
for ky,. The determined Iy, values are reported in Table 1, where similar
values are obtained for the different flow rates (23.8, 24.4, and 29.5
pmol~m‘2 for a flow rate of 25, 50, and 100 pl-min_l, respectively),
supporting the logical validity of the acquired kinetics data, since the
same xylan films with a thickness of 20 nm are used for all diffusion
experiments and the same enzyme is used, thus their 'y, should be
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similar. The kinetics data obtained using the simplest model proposed in
Section 2 are shown in Table S2, where comparable values were ob-
tained for flow rates of 25 and 50 pl-min~?, but for a flow rate of 100
pl~min’1 the value for k, is three times higher, so I'tot is much smaller,
which does not make logical sense. This is another indicator that the
data obtained with Model 2 better represents the actual kinetic
processes.

Summarizing the results of the global fit for the different flow rates,
the overall kinetics are indeed affected by diffusion effects. Comparable
keat values between 23 and 49 s~! were obtained, but the Hill coefficient
decreases with increasing flow rate, suggesting that higher flow rates
slow down the overall reaction kinetics.

4.3. Influence of the xylan layer thickness on the kinetic parameters

Xylan thin films with different surface morphologies (films of
different thicknesses of 12, 20, and 40 nm) were treated with the GH11y,
p. Xylanase at a concentration of 323 nM (5 U-ml’l) at a constant flow
rate of 25 pl-min~! to draw conclusions on the influence of substrate
morphology. The SPRS data (Fig. 5a) shows that larger amounts of xylan
are degraded with increasing film thickness. An overall satisfactory
fitting quality is obtained for the different film thicknesses using Model 2
(Fig. 5b, c). However, at the beginning of the experiment (Fig. 5¢), the fit
for the thickest layer of 40 nm cannot adequately represent the curve,
indicating that activities are probably taking place that are not
accounted for in the model. The difference between these films is not
only a matter of thickness, but also of surface morphology. It should be
noted that the xylan used did not form smooth films. On the contrary;
the use of different xylan concentration for spin coating resulted in thin
films with different height profiles. The height distribution of the cel-
lulose base layer is much smaller than that of the xylan layers, indicating
that the bottom cellulose film is smooth (Fig. S2). It is known that the
cellulose films prepared from TMSC exhibit smooth surfaces (Kontturi
et al., 2006; Schaubeder et al., 2022). The higher the xylan concentra-
tion, the broader the resulting height distribution (Fig. S2), leading to
larger variation in surface morphology, which in turn could alter the
accessibility by the enzyme or affect diffusion processes at the liquid/
solid interface.

The fitted data (Fig. 5b, c) indicates that the 12 nm and 40 nm films
exhibit similar final relative thickness reductions, both reaching 80 %.
The 20 nm film showed the largest relative degradation (to 77 %). The
logarithmic plots (Fig. 5¢) show that degradation starts fastest at the 12
nm thick film and slowest at the 40 nm film. However, in the middle
region of the experiment (seconds 25 to 200), the 12 nm film shows a
linear decrease in the logarithmic plot, while the 20 and 40 nm thick
films show a steeper decrease, indicating that the reaction slows down
for the 12 nm film in this region. At the end of the experiment, the 12 nm
film shows the largest negative slope in the logarithmic plot, while the
degradation slows down for the 20 and 40 nm thick films.

The evolution of the three species Xgs, Xss and Xs* plotted with
respect to time (Fig. 6) shows that the amount of the ES complex is small
(<10_4) throughout the experimental period (as in Section 4.2). How-
ever, zooming into the evolution of Xgg (Fig. S3), the number of enzyme-
substrate complex increases with increasing layer thickness to a
maximum and then decreases continuously until the end of the experi-
ment. This initial increase in Xgs can be related to the slower onset of
degradation with increasing film thickness, which is also evident from
Xss in Fig. 6. When the total number of surface sites (I'tot) is higher, more
ES complexes can form simultaneously, resulting in a delayed onset of
the curve decay. Another difference is that the surface-bound substrate
Xss does not converge to zero at the end of the experiment for the 12 nm
thick film (Fig. 6a), indicating that the surface xylan was still present but
degradation was hindered. This would further suggest that inhibitory
processes are likely to occur at this film thickness.

The fitting constants for the different film thicknesses acquired by
global fitting with Model 2 are listed in Table 2. The adsorption constant
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Fig. 5. (a) SPRS curves of enzymatic degradation of xylan films of different
thicknesses with a GH11y, xylanase. Results of the global fit of the normalized
SPRS data using Model 2 on a (b) linear and (c) logarithmic x-axis.

k, decreases significantly with increasing xylan film thickness (from
283,000 to 44,100 to 25,000 M~'-s™" for thicknesses of 12, 20, and 40
nm, respectively). This indicates a higher affinity between enzyme and
substrate for the thinnest film, so that the frequency of encounter be-
tween enzyme and substrate decreases with increasing film thickness.
This could be a consequence of a different aggregation of xylan during
spin coating from different concentrations, making the xylan coated
with the lowest concentration better aligned for cleavage by the enzyme.
The reaction constant ke, for the cleavage of xylan also decreases
significantly from 116 to 34.0 to 13.8 s ! for thicknesses of 12, 20, and
40 nm, respectively. This would be consistent with the hypothesis of
better accessibility of the xylan film coated with the lowest concentra-
tion. Comparison of the obtained fitting constant k.,¢ with values from
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Fig. 6. Evolution of three species Xgs, Xss and Xs* with respect to time obtained
from global fitting of xylan films with different thicknesses of (a) 12 nm, (b) 20
nm, and (c) 40 nm treated with a GH1ly, xylanase calculated with the
determined fitting constants using Model 2.

the literature is not straightforward because the catalytic activity of
different xylanases can vary widely. However, to give an idea of the
magnitude, values of 55 to 106 s7! (Huang et al., 2019), 480 to 3460 571
(Zhang et al., 2021), and 433 to 905 st (Song et al., 2012) were re-
ported for the degradation of beechwood xylan in solution. This in-
dicates that the reactions at the solid/liquid interface are slower than in
solution, as usual, probably because of limited accessibility and diffu-
sion. The diffusion coefficient  increases from 998 to 1910 to 2120 with
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increasing film thickness, which means that diffusion is much faster for
the 20 and 40 nm thick films compared to the 12 nm film. This change in
B can be related to the different surface morphologies. As discussed
above, the height distribution is broadening with increasing layer
thickness, which could affect the diffusion of the enzyme to the surface
of the substrate. The Hill coefficient decreases for the 12, 20, and 40 nm
thick xylan films from 2.47 to 1.19 to 0.94, respectively. This would
mean that the 12 and 20 nm films exhibit a positive cooperativity, with a
switch to a negative cooperativity for the 40 nm film. This again suggests
that the xylan coated from the solution with the lowest concentration
has better accessibility or different aggregation, allowing more enzymes
to interact with the same xylan macromolecule. In addition, the higher
the xylan concentration used for spin coating, the poorer the affinity and
accessibility of the enzyme to the substrate. The non-degradable fraction
Xsnd is increasing slightly with increasing film thickness from 74 to 77 to
81 %, indicating that the higher the xylan concentration used for spin
coating, the less of the film can be degraded. The Ity values were
determined as described in Section 4.1 and are increasing with
increasing film thickness from 1.93 to 23.8 to 46.4 pmol-m~2. This
supports the logical validity of the determined kinetics data, since the
total number of surface sites should increase with increasing xylan film
thickness as a result of the broader height distributions.

Summarizing the results of the global fit of the different film thick-
nesses, it can be observed that the reaction kinetics are fastest for the 12
nm (thinnest) film (highest k.4, ko, and n > 1), with an instantaneous
degradation onset and only small amounts of Xgs formed. Since kcqr >
ka-[E]", the enzyme reacts quickly after adsorption and is immediately
released from the surface. In addition, the reaction appears to be limited
in the middle (seconds 25 to 200) region of the experiment, which can be
attributed to the smaller surface area and lower amounts of total number
of surface sites. In contrast, the relative enzymatic degradation slows
down with increasing film thickness and thus with increasing concen-
tration of the xylan solution used for spin coating, as poorer accessibility
of the xylan for the enzyme occurs caused by aggregation effects. The
Hill coefficient also decreases with increasing film thickness, with the
value for the 40 nm (thickest) film being lower than 1, indicating that
the enzymes negatively affect each other and inhibitory activities likely
occur during degradation. In addition, the total number of surface sites
(I'to1, Table 2) increases with film thickness, so that more Xgg is formed
at the beginning of the reaction (Fig. S3) and the overall signal appears
delayed.

4.4. Demonstration of Model 2 for xylan degradation using different
xylanases

The 20 nm thick xylan films were also treated with another GH11
xylanase obtained from Blastobotrys mokoenaii (GH11p,) and a GH10
xylanase from Cellvibrio japonicas (GH10c;) both at a concentration of
775 nM (5 U~ml’1) at a constant flow rate of 25 pl-min’l. The SPRS data
(Fig. 7a) shows that lower amounts of xylan were degraded with these
xylanases than with the GH11y,, xylanase used above. The normalized
raw data and the corresponding global fits obtained using Model 2 show
an overall good fitting quality for the different xylanases (Fig. 7b, c). The
fitted data exhibit different final relative thickness reductions to 86 %
(GH10c¢;), 83 % (GH11p4,) and 77 % (GH11y,,). Moreover, the fastest
reaction onset was determined for the GH11p,, xylanase, while the
GH11y,), and GH10¢j, xylanases show an almost identical degradation
onset (see the logarithmic plots Fig. 7c). However, after about 30 s the
curves of GH10¢; and GH11p,, show a linear decrease in the loga-
rithmic plot (Fig. 7c), while the GH11y) shows a steeper decrease,
indicating inhibition reactions taking place that slow down the overall
degradation rate.

The evolution of the three species Xgs, Xss and Xg* of the GH11p,,
and GH10c;, xylanases is plotted with respect to time (Fig. 7d). As in
Sections 4.2 and 4.3, the amount of the ES complex is small (<107H
throughout the experimental period. However, zooming into the
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Table 2
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Calculated kinetic parameters ka, kq, kcat, 8, n, non-degradable substrate fraction Xgs,q, and resulting total number of surface sites I' at different xylan film thicknesses

treated with a GH11y,, xylanase determined from the global fitting using Model 2.
Film thickness [nm] ka kq keat B n Xsnd Tior
M ts™ s [s7] (-1 -1 [%] [pmol-m ]
12 283,000 35.0 116 998 2.47 74 1.93
20 44,100 0.4 34.0 1910 1.19 77 23.8
40 25,000 2.1 13.8 2120 0.94 81 46.4
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Fig. 7. (a) SPR curves of enzymatic degradation of 20 nm thick xylan films with different xylanases. Global fits of the normalized SPRS data using Model 2 on a (b)
linear and (c) logarithmic x-axis. (d) Evolution of the three species Xgs, Xss and Xg* with respect to time obtained from global fitting of xylan films treated with a
GH11p, and a GH10c,, xylanase calculated with the determined fitting constants using Model 2.

evolution of Xgg (Fig. S4), the amount of enzyme-substrate complex is
similar for GH11yp and GH10c;, but much lower for GH11pp,, sug-
gesting that for the GH11p,, xylanase a lower total amount of surface
sites (I'to) is available, resulting in less ES complex formation and a
faster degradation onset. Moreover, the surface-bound substrate Xgg
does not converge to zero at the end of the experiment for both, the
GH11p,,, and the GH10c; xylanases, indicating that surface xylan was
still present but degradation was hindered.

The fitting constants for the different xylanases acquired by global
fitting with Model 2 (Table S3) show significant differences. The
adsorption constant k, of 339,000 M Lslis highest for the GH11p p,
xylanase indicating a stronger affinity between enzyme and substrate for
the GH11,, followed by GH10¢ . with a k, of 137,000 M s ™" and the
lowest k, for GH11y,p, (44,100 M~L.s™)). A similar reaction constant keat
for the cleavage of xylan is determined for the GH10¢;, and the GH11y,
xylanase (33.4 s!and 34.0 57}, respectively), while kcoc was twice as
high for the GH11p,, (96.1 s 1. GH11p,, has been found to have a
significantly higher specific activity for beechwood xylan compared to
another closely related GH11 xylanase (Ravn et al., 2023). The diffusion

10

coefficient f exhibits similar values for the different xylanases and lies
between 1910, 1930 and 2150 for GH11y,, GH11py, and GH10c;,
respectively. As xylan films of the same thickness were used for the
experiments, similar f values were to be expected. The slightly higher
value for the GH10¢;, could be related to the slightly higher molecular
weight of the xylanase (39 kDa) compared to the other xylanases with
molecular weights of 21.6 kDa and 25.8 kDa for the GH11p,, and
GH11y,,, respectively. Higher Hill coefficients of 2.41 and 3.24 are
determined for the GH10¢;, and GH11p ., respectively, compared to the
Hill coefficient of 1.19 for GH11y,,. However, all xylanases exhibit a
positive cooperativity, which is most pronounced for the GH11g , . This
underlines the faster degradation onset for this xylanase. The non-
degradable fraction Xgnq is similar for all xylanases at 73 %, 77 %, and
79 % for the GH11pn, GH11y)p, and GH10c;, respectively. The Ity
values are determined as described in Section 4.2 with diffusion co-
efficients D 0f 9.91-10'2 m?s~! for GH11p,, and 8.13-10 2 m?s~! for
GH10c¢;. (according to Eq. (9) with a molecular weight of 21,550
g~mol’1, and 39,000 g-mol’1 for GH11p ,, and GH10c;,, respectively, at
a temperature of 25 °C). This results in I'ty; values of 3.24 and 7.84
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pmol-nf2 for the GH11p 5, and GH10c;, xylanase, respectively, which
are much lower than the total number of surface sites for the GH11y,.
xylanase of 23.8 pmol-m 2, suggesting inhibitory effects occur that
reduce the available surface sites for the GH1lp, and GH10c;
compared to the GH11y,.

In summary, significant differences in degradation efficiency were
determined for the different xylanases, with the fastest kinetics for
GH11p,, (highest kcqat, ka, and n). These xylanases show a high positive
cooperativity, react quickly after adsorption and are immediately
released from the surface (kca > ka-[E]™). However, the reaction appears
to be limited after about 30 s, which is not the case with GH11y,
xylanase. The GH10¢, xylanase shows a similar onset of degradation as
GH11y,,, but exhibits a higher k, and n value. However, the number of
surface sites is lower, which slows down the overall degradation rate.

5. Conclusion

A model for acquiring the kinetics for the degradation of multilay-
ered biopolymer thin films by a global fit of the SPRS data was devel-
oped and validated on the degradation of PHB with a PHB-DP. The
determined kinetics of xylan degradation revealed that surface
morphology of the substrate modulates degradation kinetics as it affects
diffusion and accessibility. Exemplary, the reaction constant k¢, for the
degradation of birchwood xylan by a GH11y, xylanase varied from 14
to 116 s~! depending on the substrate properties. It is immediately
apparent here how difficult it is to compare kinetics data from different
literature sources. As a consequence, we advise to only compare kinetic
values obtained with an identical measurement setup, as here, where the
comparison of the degradation efficiency of three different xylanases on
the same substrate showed significant differences. To make this task
more appealing to a wider research group, we provide the final python
code used for data processing and fitting of the kinetic parameters. The
code can be easily operated and should motivate to make the first step
into enzyme kinetics. However, we want to emphasize that a model with
an increasing number of fitting parameters will be prone to overfitting,
which amplifies the importance of evaluating the physical limitations of
each coefficient and limiting the parameters accordingly.

This work will help to predict the behavior of an enzyme under
different conditions by identifying the key factors that influence the
reaction rate, such as diffusion and substrate concentration, but could
also be extended to pH and temperature. Once identified, this powerful
tool will enable a more nuanced understanding of the complex nature of
the underlying mechanisms of heterogeneous enzymatic surface re-
actions and open up new possibilities for the optimization of industrial
processes.
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