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The development of cost-effective and green enzyme immobilisation techniques will facilitate the adop-
tion of continuous flow biocatalysis (CFB) by industry and academia. In this work, a relatively mild sulfite
pulping process was employed to remove lignin and hemicellulose from wood with minimal disruption of
its native porous structure, resulting in aligned macroporous cellulosic monoliths termed cellulose
scaffolds (CSs). By engineering carbohydrate-binding modules (CBMs) onto the termini of recombinant
proteins, the CSs could be employed as low-cost, renewable and biodegradable materials for enzyme
immobilisation without any further chemical functionalisation. CBM-tagged fluorescent proteins were
initially employed to demonstrate proof-of-principle and to optimise immobilisation conditions; this
resulted in initial protein loadings as high as 5.24 wt% and immobilisation efficiencies as high as 97.1%.
The process was then translated to a CBM-tagged w-transaminase (oTA) from Bacillus megaterium,
obtaining enzyme loadings and immobilisation efficiencies as high as 3.99 wt% and 82.4%, respectively. A
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demonstrative CFB reaction with the immobilised CBM-tagged oTA displayed ca. 95 + 5% conversion
efficiency relative to the free enzyme in solution under analogous conditions, suggesting that CBM-
tagged recombinant enzymes immobilised on wood-derived CSs could potentially compete with other,
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1. Introduction

Global biomass growth generates approximately 1.5 trillion
tonnes of cellulose annually, making it a practically inexhausti-
ble renewable resource.” In addition to hyperabundance,
plant-derived cellulose is cheap, biodegradable, non-toxic and
inert - and continues to be a considerably active area of
research despite having been utilised by humanity for
millennia.’™ Wood-derived cellulose is commonly extracted as
a fibrous pulp via the Kraft or sulfite pulping processes, i.e. the
base-catalysed hydrolysis of lignin and hemicellulose - the
other major components of wood. Relatively mild pulping con-
ditions can, however, remove the majority of lignin and hemi-
cellulose whilst maintaining the native aligned porous struc-
ture of the original wood.®™* This aligned porous structure,
which has been optimised by natural selection for the efficient
transport of water-based solutions, has recently been exploited
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more complex and costly enzyme immobilisation technologies.

for applications such as epoxy resin composites,® radiative
cooling materials’ and water purification'®'' among other
applications.”” Aligned porous structures hold certain advan-
tages over non-aligned equivalents, including relatively low
back-pressures needed to pass fluids over the active surface - a
beneficial property for chromatography and other flow-based
applications including continuous flow biocatalysis (CFB)."**®

The use of recombinant enzymes as catalysts for chemical
reactions is growing in popularity due to their relatively high
selectivity and green credentials in comparison to traditional
synthesis routes."”'® Issues such as relatively high cost, poor
recyclability and poor stability can, however, make enzyme-
based catalysis unviable for some industrial processes.'®"’
These issues can be mitigated through enzyme engineering as
well as the immobilisation of enzymes onto inert solid sup-
ports — which can enhance their physico-chemical stability
(allowing them to tolerate harsher reaction conditions) and
allow for facile recovery and re-use from batch reactors.>*!
Immobilisation of enzymes onto porous supports or packed
particle beds also permits their use as de-facto heterogeneous
catalysts for CFB (Fig. 1a).>* In CFB, reactants are passed over
an enzyme-immobilised porous support to produce a continu-
ous product stream which can then be further processed or

This journal is © The Royal Society of Chemistry 2021
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Fig. 1
CBM-enzyme construct to a cellulose surface.

recovered. Several reviews detailing the merits and drawbacks
of CFB have been published recently;'®**™>* with drawbacks
including relatively high cost and non-reusability of some
scaffold materials, and loss of enzyme activity over time.
Carbohydrate-binding modules (CBMs), previously termed
cellulose-binding domains (CBDs), are a class of non-catalytic
protein domain which have exceptional affinity binding pro-
perties to cellulose and other carbohydrates.”*° Often found
as a sub-domain of carbohydrate-active enzymes such as cellu-
lases or xylenases,”® CBMs have a wide variety of sequences
and structures (60+ families of CBMs currently known) which
can recognise and bind to different forms of cellulose and
other carbohydrates.’® This property has previously been
exploited to bind CBM-tagged recombinant proteins to various
forms of carbohydrates for applications such as diagnostics,
cell immobilisation and bioremediation.””>° CBMs have also
previously been employed for a range of enzyme immobilis-
ation applications, as summarised in Table S1.7°°™** These
previous literature reports generally employ commercially
obtained microcrystalline cellulose powders as the immobilis-
ation material, with the use of novel cellulose structures
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enzyme

(a) Overview of a typical packed-bed CFB process. (b) Scheme depicting typical CS synthesis. (c) Scheme depicting the immobilisation of a

remaining largely unexplored. For instance, S. Wang et al. pro-
duced CBM-tagged cis-epoxysuccinic acid hydrolase (CESH)
chimeras with five different CBMs and evaluated their enzy-
matic performance immobilised on a commercial crystalline
cellulose powder (Avicel® PH-101). Attaining enzyme loadings
as high as 2.0%, their best performing CBM-CESH chimera
displayed a five-fold improvement in half-life at 30 °C with
improved temperature and pH stability.>* Another example is a
recent report by B. Estevinho et al., who produced a CBM-
enzyme chimera based on CBM2 from Pyrococcus furiosus
chitinase and f-galactosidase from Thermotoga maritima
(TmLac).*® Employing a bacterial cellulose membrane as their
immobilisation support, they achieved enzyme loadings up to
1.85 wt% and immobilisation efficiencies as high as 81 + 4%,
whilst demonstrating enhanced enzyme stability at elevated
temperatures.

In this work, aligned macroporous cellulose scaffolds (CSs)
were produced through the de-lignification of wood via a rela-
tively mild sulfite pulping process (Fig. 1b), before CBM-
tagged recombinant proteins were immobilised to the internal
surfaces via CBM-cellulose affinity binding (Fig. 1c). The most

Green Chem., 2021, 23, 4716-4732 | 4717


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc01008e

Open Access Article. Published on 17 June 2021. Downloaded on 12/4/2025 4:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

significant process parameters were identified and optimised
via a Design of Experiments (DOE) methodology to maximise
total protein loading and immobilisation efficiency, achieving
maximum values of 5.24 wt% and 97.1%, respectively. Six
different CBMs were initially investigated, and fluorescent pro-
teins were initially employed as reporter tags to facilitate
characterisation and optimisation, and to determine if any
localised binding was occurring on the scaffolds. Finally, a
construct based on an w-transaminase (wTA) from Bacillus
megaterium and the best-performing CBM (namely, CcCBM2a
from C. cellulovorans — EngD) was produced, immobilised onto
the CSs, and tested in a CFB setup. The immobilised enzyme
displayed ca. 95 + 5% conversion efficiency relative to the free
enzyme in solution under analogous conditions, demonstrat-
ing that CS immobilised CBM-tagged enzymes can, in prin-
ciple, be employed for CFB.

2. Materials and methods

2.1. Characterisation techniques

Wide-angle X-ray diffraction (WAXD) was performed using a
PANalytical X’Pert Pro instrument with a Ko radiation source
(1.54 A wavelength), diffraction angle of 5-60° and scanning
rate of 1° min~'. Field emission gun scanning electron
microscopy (FEG-SEM) was performed using an FEI Quanta
250 instrument with a working distance of 10 mm and acceler-
ating voltage of 10 kV. Acetone-soaked CS samples were air
dried overnight before being cut into small portions and
adhered to 1 cm” aluminium stubs with double-sided conduc-
tive carbon tape. Samples were sputter coated with 10 nm of
an Au/Pd alloy prior to imaging to enhance sample conduc-
tivity, and a small amount of Ag paint was also used to
improve electrical contact between the sample and carbon
tape. UV-visible spectrophotometry was performed using a
either a Cary 60 UV-vis spectrophotometer (protein expression
and quantification) or a Clariostar Plus plate reader.

2.2. Recombinant protein design, expression and
purification

Detailed experimental steps for the design, expression and
purification of the CBM-fluorescent protein constructs
(CBM-FPs) are given in the ESI.{ Experimental conditions for
the design, expression and purification of the CBM-enzyme
construct are given below.

An oTA gene from B. megaterium (SC6394, Bm-wTA)** was
amplified from a pET21b construct, whilst the pBbAlc-
CBM2a backbone was amplified from HisCcCBM2a(EngD)
mEGFP using CloneAmp polymerase premix (ClonTech) and
the primers detailed in Table S2.1 The template was removed
by Dpnl (New England Biolabs) digest and the DNA purified
using a Qiaquick PCR purification kit (Qiagen). The PCR pro-
ducts were cloned together using Infusion HD (Clontech).
DNA and transformed into NEB5alpha cells (New England
Biolabs). To express the resulting fusion protein LB autoin-
duction media (formedium) supplemented with 34 pg ml™"
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chloramphenicol was inoculated with 5 ml pre-culture and
grown at 20 °C for 60 hours. Cells were harvested by centrifu-
gation and stored at —20 °C until required. Protein purifi-
cation was performed as above except for the addition
of 1 mM pyridoxal-5-phosphate (PLP, Sigma) in the lysis
buffer. The protein was quantified using a Cary 60 UV-vis
spectrophotometer (Agilent). The Ayg, extinction coefficient
(115740 M™' ecm™) was calculated from the amino acid
sequence using the Protparam tool on the ExPASy proteomics
server (https://web.expasy.org/protparam/, accessed 4™ March
2021) whilst PLP was quantified by A,,, using an extinction
coefficient of 6370 M~* em™.**

2.3. Cellulose scaffold synthesis

The protocol for the synthesis of the CSs after DOE-based
optimisation is presented below. For context, the initial syn-
thesis protocol (i.e., prior to optimisation) is presented in the
ESLT

A Dblock of Tilia Americana basswood (Stockport
Hobbycraft Store, UK) was sawn into 10 x 10 x 50 mm por-
tions with the grain of the wood following the long (50 mm)
axis (Fig. S1f). Each wood portion weighed approximately
0.9-1 g and was gently sanded by hand with abrasive paper
to remove any residual wood flakes. Separately, 150 g NaOH
and 25.2 g Na,SO; were dissolved in DI water to a final
volume of 500 ml (7.5 M NaOH, 0.4 M Na,SO;). Note, some
of the Na,SO; remained undissolved at RT as saturation solu-
bility was reached. 25 portions of wood were added to a 1 L
round-bottomed flask before addition of the 500 ml NaOH/
Na,SO; solution. The mixture was then refluxed at 140 °C for
16 h with gentle magnetic stirring. The solution was then
drained and the wood portions (now CSs) were washed with
cold DI water 3x times, before being refluxed with DI water
(900 ml) at 125 °C for 1 h 3x times. The CSs were then
refluxed in 875 ml H,0, (20%) for 3 hours at 125 °C a single
time. Foaming was no longer an issue and no antifoam 204
was added. The CSs were then washed in cold DI water
3x times before being placed in 200 ml of absolute ethanol
overnight. DI water was then added to bring the final volume
to 1 L (20% v/v EtOH) where the CSs were then stored at RT
until use.

2.4. Protein immobilisation procedures

2.4.1. CBM3A-mCherry immobilisation. The protocol for
CBM3A-mCherry (a representative CBM-FP) immobilisation
after DOE-based optimisation is presented below. The initial
(non-optimised) protein immobilisation protocol is presented
in the ESIf for clarity and context. Note that the non-optimised
protein immobilisation conditions were used to optimise the
CS synthesis in section 3.3.

Transparent PVC tubing (ID 8 mm, OD 12 mm) was cut to a
length of approximately 80 mm. A CS would then be trimmed
slightly with a razor blade into a cylindrical shape (initially
cuboidal) and inserted into the tubing ensuring a tight fit and
sitting in the centre of the tubing (Fig. S2at). A 50 ml plastic
Luer-Lock syringe was connected to one end of the PVC tubing

This journal is © The Royal Society of Chemistry 2021
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using a 3-way Luer Lock valve (for loading/discharging solu-
tions), male/female Luer Lock attachments and poly(vinylidene
fluoride) (PVDF) tubing (Fig. S2bt). 30 ml of buffer solution
(150 mM TRIS, 50 mM KCl, pH 7.1) was then flushed through
the CS at a rate of 250 pL min~" to flush out residual EtOH.
4 ml of CBM3A-mCherry (10 mg ml™') was then flushed
through the CS at a rate of 5 pL, min~" (Aladin syringe pump,
World Precision Instruments) and collected. A further 2 ml of
buffer was flushed through and collected to wash out non-
adsorbed CBM3-mCherry. The CBM3-mCherry concentration
before (10 mg ml™") and after passing though the CS (includ-
ing 2 ml additional flush) was measured via UV-visible spectro-
photometry (Abs [587], £ = 72000 M~* ecm™', M,, = 48 892.28 ¢
mol ™). The experiments were conducted at room temperature
(RT, typically 19 + 3 °C). Note, to prioritise immobilisation
yield over total loading, lower protein concentrations can be
employed.

2.4.2. CBM2a-oTA immobilisation. The CBM2a-oTA con-
struct (see section 2.2) was immobilised to optimised CSs fol-
lowing the optimised immobilisation procedure outlined
above, with the following minor changes: (1) the CBM2a-0TA
volume was reduced to 3 ml and (2) the flow rate was reduced
to 4 pL min~". These changes were made to conserve limited
material - allowing experiments to be done from a single pro-
duction batch (eliminating batch-to-batch variability error).
The concentration of the CBM2a-wTA could be varied to priori-
tise either total loading or immobilisation efficiency. For
instance, a protein concentration of ca. 10 mg ml™" resulted in
a 3.99 wt% loading and immobilisation efficiency of 62.1%. A
lower protein concentration of 6.7 mg ml™" resulted in a lower
loading of 2.34 mg ml~" but higher immobilisation efficiency
of 81.4%. Protein concentration was determined through the
Bradford method using a standard BSA calibration curve,
before being normalised based on the difference in measured
concentration for the CBM2a-mEGFP construct via the
Bradford method (1.7 mg ml™") and via its absorbance at
488 nm (4.98 mg ml ") (see section 3.6.1 for further details).

2.5. Activity of CBM2a-®TA in solution

In order to benchmark the enzymatic activity of the immobi-
lised CBM2a-oTA construct, its conversion efficiency in solu-
tion (i.e., non-immobilised) was first determined. Briefly, to a
1.5 ml Eppendorf tube the following were added: 100 pL pot-
assium phosphate (KPI) buffer solution (1 M, pH 8), 400 pL
H,0, 50 pL pyruvate (500 mM in H,0), 250 pL (S)-o-MBA
(100 mM in H,0), 100 pL PLP (2 mM in H,0) and 100 pL of
CBM2a-0TA (10 mg ml~* in 50 mM TRIS pH 7.5, 200 mM KCl
in H,0). The final concentrations were therefore: 0.1 M KPI
(pH 8), 25 mM pyruvate, 25 mM (S)-a-MBA, 0.2 mM PLP,
20 mM KCI, 5 mM TRIS and 1 mg ml™" CBM2a-0TA (14.9 pM).
The mixture was briefly agitated and maintained at 30 °C,
before 4 pL of solution was removed at defined time points
(typically 5 minutes intervals), added to 196 pL of H,O (50%
dilution) in a 96 well plate and absorbance at 245 nm
measured. The concentration of acetophenone was then deter-
mined by referring to a calibration curve of the reactants (pyru-

This journal is © The Royal Society of Chemistry 2021
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vate, a-MBA) and products (acetophenone) at 245 nm. The
measurements were taken in triplicate and a parallel control
experiment with no enzyme was also conducted as a negative
control.

2.6. Activity of CS-immobilised CBM2a-®TA in flow

To determine the activity of CS-immobilised CBM2a-0TA in a
CFB-type set up, the construct was first loaded onto optimised
CSs (see section 2.3) under optimised flow conditions (see
section 2.4.2). After loading, a running buffer solution consist-
ing of 0.1 M KPI (pH 8), 25 mM pyruvate, 25 mM (S)-a-MBA,
0.2 mM PLP was passed through the CBM2a-owTA immobilised
CS at 30 °C and a rate of 200 pL. min~", with aliquots being
sampled every 5 minutes (i.e., every 1 ml of flow through),
diluted by a factor of 50 and absorbance measured at 245 nm.
Note, the absorbance was measured immediately to prevent
activity from any leached enzymes from affecting results sig-
nificantly. The acetophenone content was then determined by
comparison to a calibration curve as in section 2.5.

3. Results and discussion

3.1. Design and synthesis of CBM-tagged fusion constructs

3.1.1. CBM-FP fusion constructs. CBMs can be grouped
into three types, namely surface-binding CBMs (type A), glycan
chain-binding (type B) and small sugar-binding (type C).*°
CBMs can contain 30-200 amino acids***” and are usually
located on the C- or N-terminal of a polypeptide chain, but can
sometimes be centrally positioned.”® Six CBMs were selected
that had previously been reported in the literature to be
soluble when expressed in E. coli as fusion proteins and to be
tolerant of extensions to both the N and C-termini. Four of
these belong to the Type A class of CBMs including CBM1
from T. reesei cellobiohydrolase Cel7A,"> CBM2a from
A.  cellulolyticus GH5 endoglucanas,” CBM2a from
C. cellulovorans EngD,*® and CBM3a from C. thermocellum
CipA scaffoldin.”® The other two CBMs investigated, CBM28
from Bacillus sp. 1139 Cel5a endoglucanase® and CBM30
from C. thermocellum Endoglucanase CelJ*° belong to the Type
B class of CBMs.

For easy visualisation and quantification of CBM binding,
the six different CBMs were fused to six different fluorescent
proteins. Variants of fluorescent proteins were selected that
were reported to be monomeric, these were mECFP, mEGFP,
mCitrine, mOrange, mCherry and mNeptune. Three of the
CBMs were attached to the N-terminal end of the fluorescent
protein whilst the other three were attached to the C-terminus.
All CBM-FP fusion constructs were linked either by a glycine/
serine rich linker®® or a threonine/proline rich linker derived
from T. reesei Cel7A (TrCel6A).*> A summary of the CBM-FP
constructs’ design is given in Table S3.7 All six constructs were
expressed in E. coli and purified by Ni** immobilised metal
ion affinity (IMAC) as confirmed by UV-vis spectrophotometry
(Fig. S31), with further experimental details provided in the
ESL¥

Green Chem., 2021, 23, 4716-4732 | 4719
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3.1.2. CBM-enzyme fusion constructs. Having identified
CBM2a from C. cellulovorans EngD as the most promising for
CS immobilisation (see section 3.5 for details), we sought to
fuse this to an enzyme. The wTA from B. megaterium SC6394
was chosen as a target enzyme due to its industrial applica-
bility,** and fused to the CBM in place of the mEGFP reporter
(see section 2.2 for details). Following purification by Ni**-
IMAC the resulting fusion protein possessed a golden yellow
colour. The UV-visible spectrum of the protein revealed a peak
centred around 420 nm consistent with 95% incorporation of
the covalently bound PLP cofactor (Fig. S4+t).

3.2. Initial CS immobilisation scoping trials

After synthesis of the CSs following the initial synthesis proto-
col, some scoping trials were performed to establish a working
set-up to conduct the flow/immobilisation experiments. The
details of these scoping trials are presented in the ESI.{ These
experiments revealed CBM3A-mCherry to have a relatively high
expression yield in comparison to the other CBM-FP con-
structs, along with a relatively high total loading (0.4 wt%) and
immobilisation efficiency (59.8%) on the CSs (Table S4F).
These features meant it was selected for further optimisation
trials over the other CBM-FPs.

3.3. Optimisation of CS synthesis

The CSs were initially synthesised following a method adapted
from M. Zhu et al, with the protocol given in the ESLf°
The treatment of cellulosic fibres (e.g., cotton) with concen-
trated aqueous NaOH is known to increase their capacity to
adsorb substances (e.g. dyes) in a process historically known as
Mercerisation."*® This is attributed to a change from the natu-
rally occurring polymorph Cellulose If to the more thermo-
dynamically favourable Cellulose II polymorph.?” We hypoth-
esised that a similar NaOH treatment could also increase the
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adsorptive capacity of the CSs and therefore result in a higher
loading of the CBM-tagged proteins.

Since NaOH was already employed during the initial CS syn-
thesis (i.e., during the sulfite process), it was hypothesised that
a Mercerisation-type effect could be achieved by increasing the
NaOH content during this step. Rather than only vary the
NaOH concentration however, a number of other variables
(deemed to also likely be significant factors in the resulting CS
quality) were also varied; namely Na,SO; concentration, total
sulfite processing solution volume, H,O, concentration and
H,0, solution volume. Due to the large number of variables in
the system, and likelihood of complex multi-factor inter-
actions, a Design of Experiments (DOE) Definitive Screening
Design (DSD) was employed to obtain a relatively large amount
of information from the system with a minimal number of
experiments.*®*? A summary of the input variables and fixed
variables is presented in Table S5, with actual experimental
conditions employed (calculated using JMP Software from SAS)
for each run presented in Table 1. Of the CBM-FPs, CBM3A-
mCherry was selected to perform the optimisation due to its
relatively good immobilisation performance and expression
yield compared to the other CBM-FPs (Table S4f), as uncov-
ered in the initial scoping trials (see ESIf for details). All
experiments were conducted with a single CBM3A-mCherry
batch to minimise error arising from batch-to-batch variation.
Note that the experimental order was randomised to minimise
the effect of hidden variables biasing the results, and blocked
into two groups - each representing two different hot-plates
used. An extra centre run was also included to estimate quad-
ratic effects from the blocked experiments. The measured
output factors (or responses) were total protein loading (wt%)
and immobilisation efficiency (%).

After synthesis of the CSs, it could be seen that different CS
synthesis conditions resulted in a range of colours from white

Table 1 Summary of the input and output factors for the CS synthesis DSD. Experiments 15-18 were performed to validate the model and are not

included in the DSD calculations

Input variables Output factors
NaOH conc.  Na,SO; conc.  Sulfite processing Immobilisation  Loading
Experiment no.  Block (M) (M) vol. (ml) H,0, vol. (ml)  H,0, conc. (%) efficiency (%) (Wt%)
1 1 7.5 1.2 250 175 4 42.3 0.708
2 1 2.5 1.2 175 100 12 29.5 0.518
3 1 5 1.2 250 250 12 39.7 0.640
4 1 2.5 0.4 100 175 12 55.2 0.797
5 1 5 0.8 175 175 8 28.6 0.354
6 1 7.5 0.4 175 250 4 41.7 0.548
7 1 5 0.4 100 100 4 34.5 0.598
8 2 7.5 0.8 100 250 12 52.4 0.808
9 2 7.5 0.4 250 100 12 42.6 0.591
10 2 5 0.8 175 175 8 39.2 0.516
11 2 2.5 0.4 250 250 8 15.9 0.249
12 2 7.5 1.2 100 100 8 18.4 0.258
13 2 2.5 1.2 100 250 4 17.5 0.275
14 2 2.5 0.8 250 100 4 11.8 0.180
15 1 4.5 0.2 100 100 14 49.4 0.826
16 1 7.5 0.4 100 175 15 59.5 1.015
17 1 7.5 0.4 100 175 17.5 67.1 1.154
18 1 7.5 0.4 100 175 20 70.5 1.093
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to light brown - the brown colouration likely being residual
lignin (Fig. S5af). A CS from each experimental condition was
soaked in acetone (to induce solvent exchange) and air-dried;
some CSs underwent significant shrinkage (i.e., conditions 1,
8, 9 and 12) whilst others remained relatively robust (i.e., con-
ditions 2, 7 and 14) (Fig. S5bt). This appeared to be correlated
to the concentration of NaOH during the sulfite processing
step, where a high NaOH concentration tended to result in
greater shrinkage. FEG-SEM images from cross sections of the
CSs revealed the aligned macropores of wood (xylem and
phloem) were still intact following treatment (Fig. 2), however
at the ends of the CSs (which had greatest contact with the
sulfite/H,0, solutions) this structure broke down into a dis-
ordered fibrillar morphology (Fig. S5ct). The porosity of the
CSs was determined through wet/dry mass analysis, with poro-
sity varying between ca. 69-78% (Table S6+) and was again cor-
related with NaOH concentration, with higher NaOH concen-
trations resulting in lower % porosity (Fig. S5d+).
CBM3A-mCherry solutions were flowed through the syn-
thesised CSs following the non-optimised immobilisation pro-
cedure described in the ESL.{ The CSs were then cut up and
visible light images taken, which showed the distribution of
CBM3A-mCherry within the scaffolds (Fig. S6t). There was a
noticeable accumulation of the CBM3A-mCherry at either end
of the CSs, which had previously been identified as having a
fibril-like morphology via FEG-SEM imaging (Fig. S5ct).
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Measurement of the CBM3A-mCherry concentration before
and after flowing through, along with measurement of CS
mass, allowed the calculation of the protein loading (wt%) and
immobilisation efficiency (%). These data were analysed by
JMP software, where the most significant factors from the
screening dialogue were selected (using Fit DSD method) to
build response surface models (RSMs) for the two output
factors (protein loading and immobilisation efficiency). The
purpose of the RSMs is to allow predictions (or causal infer-
ences) to be made between the significant input variables and
the output factors; i.e., which input variables should be varied
in order to maximise the protein loading and immobilisation
efficiency. Although there was fairly high noise within the
experimental system, including a large variability between
blocks and low statistical significance for a number of factors,
RSMs could still be constructed (Fig. 3a). The RSM for loading
predicted that the highest value (0.896 wt%) would be achieved
with the highest concentrations of H,0,, NaOH and Na,SOs;,
as well as the highest sulfite processing solution volume
(Fig. 3a). Interestingly, a similarly high loading (0.882 wt%)
was also predicted with the highest H,O, concentration, but
lowest Na,SO; concentration and sulfite processing volume. A
complex interaction such as this would have been missed had
a typical one-factor-at-a-time (OFAT) optimisation approach
been employed.*® The RSM for immobilisation efficiency pre-
dicted that higher efficiencies would be obtained with the

Fig. 2 Cross-sectional FEG-SEM images of the CSs displaying aligned microporosity. Representative examples of synthesis conditions (a) 1, (b) 5, (c)

6, and (d) 8. Scale bars = 50 um.

This journal is © The Royal Society of Chemistry 2021
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highest concentrations of H,0, and NaOH, a lower Na,SO;
concentration, and the highest H,0, volume (Fig. 3b).

Based on these RSM predictions, four further experiments
(experiment no. 15-18) were conducted in order to validate the
models and push the output factors (loading and immobilis-
ation efficiency) to higher values. Experiments 16, 17 and 18
employed an increasing concentration of H,0, (15, 17.5 and
20%, respectively) since there was a strong positive correlation
between this factor and both loading and immobilisation
efficiency (Fig. 3a and b). The low Na,SO; concentration (0.4
M) and low sulfite processing volume (100 ml) conditions were
selected for these experiments — rather than the high concen-
tration (1.2 M) and volume (250 ml) - since the resulting
loading was almost identical (Fig. 3a) but the former con-
ditions required less starting material (i.e., a greener process)
and allowed more CSs to be produced per 1 L batch. A lower
Na,SO; concentration also improved immobilisation efficiency
slightly (Fig. 3b). The high NaOH concentration of 7.5 M was
selected for experiments 16, 17 and 18 since this factor had a
positive correlation with immobilisation efficiency (Fig. 3b). A
H,0, volume of 175 ml was selected as this allowed more CSs

4722 | Green Chem., 2021, 23, 4716-4732

to be produced per batch than if 250 ml was used (which
would have maximised immobilisation efficiency).

The results from these validation experiments are presented
in Table 1, Fig. 3c and d. The results agreed fairly well in terms
of loading, with experiments 16, 17 and 18 actually having a
slightly higher loading than predicted by the RSM (1.01, 1.15
and 1.09%, vs. predicted values of 0.85, 0.90 and 0.96%,
respectively) and higher than any of the previous experiments
in the DSD (Fig. 3c). The immobilisation efficiency was also
improved for experiments 16, 17 and 18 (at 59.5, 67.1 and
70.5%, respectively) — although these did not accurately follow
the trend predicted by the model (Fig. 3d).

These results highlight the efficacy and efficiency of
employing a DOE-type methodology for the optimisation of an
enzyme immobilisation process. Here, the effects and magni-
tudes of five input variables on a complex system were
screened and modelled with only 14 experiments, allowing
optimisation of the system to increase the desired output
factors (loading and immobilisation efficiency). Increasing the
NaOH concentration increased the immobilisation efficiency
as was initially hypothesised, but only increased the loading

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc01008e

Open Access Article. Published on 17 June 2021. Downloaded on 12/4/2025 4:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Green Chemistry

under certain conditions - having no effect when Na,SO; con-
centration and sulfite processing volume were low. A tra-
ditional OFAT method could therefore have drawn false con-
clusions depending on the Na,SO; concentration and sulfite
processing volume employed whilst NaOH concentration was
the factor being varied.*®

3.3.1. Microstructural analysis of CSs with WAXD. WAXD
was performed on the synthesised CSs to probe any relation
between microstructure and synthesis conditions, and to see if
any underlying microstructural properties were affecting the
degree of protein immobilisation. Cellulose can exist as a
number of polymorphs, such as cellulose Ia, Ip, II, III;, Iy, IV;
and IVy depending on natural source and processing con-
ditions.*® Natural wood-derived cellulose exists as highly stable
crystalline cellulose If — but can be converted to the more
thermodynamically favourable polymorph cellulose II through
swelling and relaxation by treatment with concentrated NaOH
process  historically termed  Mercerisation."*®
Mercerisation, as previously discussed, can increase the
adsorptive capacity of cellulose and it was hypothesised that
the binding of CBM-tagged proteins could be enhanced
through this process. As discussed in section 3.3, increasing
the NaOH concentration during the sulfite processing process
improved the immobilisation efficiency for CBM3A-mCherry
and either improved total loading or had no effect depending
on other factors. WAXD was employed to determine if NaOH
concentration during the sulfite process (or any other factors
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varied in the DSD) had a Mercerisation-type effect (i.e. trans-
formation from cellulose Ip to cellulose II) and if this had any
correlation with the loading or immobilisation efficiency of
CBM3A-mCherry.

WAXD patterns of the CSs produced in the initial DSD
(experiments 1-14), as well as untreated Basswood as a
control, are presented in Fig. 4. Note that samples were taken
from the central regions of the CSs for WAXD analysis where
the morphology was relatively aligned (Fig. 2), as opposed to
the ends which had a more fibrillar morphology (Fig. S5ct).
This was done since samples from the centre were more repre-
sentative of the bulk CS properties. WAXD patterns from the
more fibrillar end regions were not investigated here.

It can be seen from Fig. 4 that most of the CS WAXD pat-
terns have the characteristic 200 and 110 Bragg reflections (at
ca. 22° and 16°, respectively) associated with cellulose 1B,>° as
does the untreated Basswood. However, synthesis conditions
1, 6, 8, 9 and 12 have an additional peak at ca. 19.5° and a
slightly down-shifted main peak at ca. 21.5°. These were attrib-
uted to 110 and 020 Bragg reflections of a cellulose II type
structure, suggesting that Mercerisation had indeed occurred
under these conditions. Moreover, the conditions which
resulted in the cellulose II had the common factor of being
treated under the relatively high NaOH concentration of 7.5 M,
corroborating our initial hypothesis that Mercerisation could
be conducted by increasing the NaOH concentration during
the sulfite processing step. Mercerised cellulose is typically a
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during the sulfite processing step, respectively.
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mixture of the cellulose I and II polymorphs (rather than
purely cellulose 11),°>° and it is likely the case here. A useful
means to distinguish between the polymorphs quantitatively
was to take the ratio of the peak intensity (Imax) and intensity
of the 110 peak (I;10) at 19.5°; since the ratio becomes more
pronounced with increasing cellulose II content. This revealed
an unexpected correlation between porosity and cellulose II
content (Fig. 4b), however there was no significant correlation
between the degree of cellulose II content with loading or
immobilisation efficiency (Fig. 4c and d) - suggesting the
increasing NaOH content may be increasing loading through
another mechanism (e.g., partial hydrolysis of the cellulose
polymer backbone). The absence of other pronounced peaks
in the WAXD data indicated the removal of salts (e.g., residual
NaOH, Na,S0;) and other crystalline impurities from the CS
synthesis procedure.

3.4. Optimisation of flow conditions

The flow conditions for the immobilisation of the CBM-FPs
had not undergone any parametric optimisation and the
employed conditions - which were based on scoping trials
with Methyl-red - were likely far from optimal. Therefore,
another DOE DSD was conducted, only this time on the factors
relating to the flow conditions. Note, the non-optimised CSs
were used for this DSD since the results from the CS optimi-
sation were not known at this point (the two DOE optimis-
ations were conducted in parallel for time efficiency).

Another characterisation of the significant factors is pre-
sented in the ESI (Table S7t), where pH, salt concentration,
protein concentration, flow rate and protein volume were
chosen as the variables subject to optimisation. Temperature
was not controlled as we did not at this point have the equip-
ment for its reliable control, categorical factors (e.g. salt type,
buffer type) were set as constants since categorical variables
would require additional experimental runs. Before conduct-

View Article Online

Green Chemistry

ing the DSD, an initial scoping experiment where we measured
the maximum forcing (Fpa), minimum forcing (Fni,) and
centre-point conditions were conducted - this established that
the loading (Fpin = 0.024%, Fax = 1.52%) and immobilisation
efficiency (Fmin 33.6%, Fmax = 60.4%) could indeed be signifi-
cantly improved by varying these factors within the set ranges
(Fig. S71). Note that the buffer concentration was set as a fixed
variable (50 mM) for the DSD despite being varied in this
scoping experiment (10-300 mM) to simplify the experimental
design.

The experimental conditions determined by the DSD are
given in Table 2 (experimental order again randomised to
reduce bias) along with immobilisation efficiency and protein
loading (experiments F1-F13). Using JMP software, the most
significant factors were again selected from the screening dia-
logue to construct RSM models for the output factors (i.e.,
immobilisation efficiency and protein loading). The RSMs pre-
dicted that the optimum conditions for immobilisation
efficiency would be the lowest pH (7.1), lowest flow rate (50 pl
min~") and highest protein volume (7.5 ml) (Fig. 5a), and
optimum conditions for loading would be the highest protein
concentration and volume (the former having a greater effect),
lowest flow rate (50 pl min™') and lowest pH (7.1).
Interestingly, salt concentration was not a significant factor -
going against our initial understanding that salt concentration
would interfere with CBM-based adsorption by affecting non-
specific binding.

Based on these insights, a 14™ experiment (F14) was per-
formed with the intention of both validating the models and
extrapolating their predictions to maximise total loading
whilst maintaining a high immobilisation efficiency. The con-
ditions for F14, given in Table 2, drastically reduced the flow
rate to 5 pL min~' and increased protein concentration to
10 mg ml~". Protein volume was reduced to 4 ml to conserve
material since it had a lower significance than protein concen-

Table 2 Summary of input and output factors for the flow conditions optimisation DSD. Experiment F14 was performed to validate the model and
is not included in the DSD calculations. Experiments F15 and F16 are repeats of experiment 14 but with higher buffer concentration

Input factors

Output factors

Protein conc. Flow rate Protein vol. Salt conc. Buffer conc. Immobilisation Loading
Experiment no. pH (mg ml™") (ML min™) (ml) (mM) (mM) efficiency (%) (Wt%)
F1 9.1 0.5 250 7.5 10 50 1.3 0.006
F2 7.1 2.75 250 2.5 10 50 38.3 0.373
F3 9.1 5 250 2.5 155 50 6.0 0.091
F4 9.1 2.75 50 7.5 300 50 27.5 0.926
F5 8.1 5 250 7.5 300 50 10.6 0.541
F6 7.1 5 50 2.5 300 50 48.9 1.068
F7 9.1 0.5 150 2.5 300 50 -2.5 —0.004
F8 8.1 0.5 50 2.5 10 50 14.5 0.030
F9 8.1 2.75 150 5 155 50 20.1 0.443
F10 9.1 5 50 5 10 50 20.8 0.964
F11 7.1 5 150 7.5 10 50 27.6 1.309
F12 7.1 0.5 250 5 300 50 32.0 0.103
F13 7.1 0.5 50 7.5 155 50 54.5 0.278
F14 7.1 10 5 4 50 50 39.4 2.192
F15 7.1 10 5 4 50 150 59.1 3.258
F16 7.1 10 5 4 50 250 48.5 2.596
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tration, which was prioritised. The pH was maintained at 7.1
since any lower was out of the buffering range for TRIS. The
salt concentration, which was not a significant factor, was set
at 50 mM. Under these conditions, a relatively high loading of
2.19 wt% was obtained which roughly followed the prediction
of the RSM model (Fig. 5¢). Immobilisation efficiency was still
high at 39.38% but fell short of the model’s prediction of
59.6% (Fig. 5d). Given that the scoping experiment had pre-
dicted an even higher loading value, and the only other factor
it considered was the buffer concentration, it was inferred that
the buffer concentration was indeed a significant factor. To
test this hypothesis, experimental condition 14 was repeated
but at higher buffer concentrations of 150 and 250 mM (experi-
ments 15 and 16, respectively). This showed a higher loading
and immobilisation efficiency with increasing TRIS concen-
tration as hypothesised, peaking at 150 mM (Fig. S8T). More
data points at different TRIS concentrations were not con-
ducted due to limited availability of the CBM3A-mCherry
protein from that production batch.

3.5. Comparing different CBM-FP constructs under
optimised conditions

Since optimisation of the CS synthesis and flow conditions
were conducted independently, their combined effect was sub-
sequently investigated. In addition, several of the other pro-
duced CBM-FP constructs investigated in the initial scoping

This journal is © The Royal Society of Chemistry 2021

experiments (details in the ESIT) were also investigated under
the conditions optimised for CBM3A-mCherry to evaluate their
relative performance. Note that mECFP-CBM2A and mCitrine-
CBM1 were dropped from the study due to their relatively low
expression yield and immobilisation efficiency, respectively, in
order to reduce workload and simplify the experimental
design. Two control experiments were also conduced, namely:
(1) testing mCherry with no CBM attached to confirm immo-
bilisation is due to the CBM and not any other effect (e.g,
non-specific physical adsorption), and (2) mechanically ablat-
ing a CS to destroy the aligned porous structure. The results
for these experiments are presented in Fig. 6 and Table S1.7
CBM3A-mCherry, CBM30-mOrange and CBM2a-mEGFP and
the control experiments were all tested under the conditions
optimised primarily to maximise loading (10 mg ml™" protein
concentration), however mNeptune-CBM28 could only be con-
centrated to ~5 mg ml™" so was tested at that concentration
instead. CBM2a-mEGFP was also tested at 5 mg ml™" to have a
direct comparison with mNeptune-CBM28, as was mEGFP
with no CBM as a further control. After flowing through the
protein solutions, 10 ml of buffer (50 mM KCl, 150 mM TRIS,
pH 7.1) was flushed through at a rate of 250 pl min~", measur-
ing the protein concentration in the eluent every 2 ml to assess
the extent of protein leaching from the scaffolds.

The results (summarised in Table S11) found that mCherry
with no CBM had poor initial loading and immobilisation

Green Chem., 2021, 23, 4716-4732 | 4725


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1gc01008e

Open Access Article. Published on 17 June 2021. Downloaded on 12/4/2025 4:40:18 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper Green Chemistry
a. ;. ch

7 i BCBM-mGherry CS Gl 100 913 918

6 A CBM-mCherry
S— ©CBM-mOrange 80 79.4 787
X 5 1 R @ COMCER —~ 701
e y o u & A A § 64.1
2 4 ° . g v 5 o0 518
2 5 °
£ 31 S 40| %0
E . u 30.2
o 2 4 e ° °
= 1] x 20

. x x % 6.9
0o +—r—+7 0

0 2 4 6 8 10
Volume of buffer flushed (ml)

*35 d

(@)

© CBM-GFP
3 © CBM-mNeptune

xX %,
> 25 ®e, —_
5 . &
= 2 oy, R2=09544 =
£ 15 ®oe b A ST W § ©
g™ >
S 1

0.5

0 10 20 30 40 50 60 70 80
Volume of buffer flushed (ml)

CBM3-mCherry l CBM3-mCherry CS ctrl.
=

Black light

mCherry  CBM-mCherry CBg-smé)tnerry CBM-mOrange CBM-GFP

u Initial ammount immobilised (%) = After 10 ml flush (%)

80.2

CBM-mNeptune ~ CBM-GFP

= |nitial ammount immobilised (%)
u After 10 ml flush (%)

¥

Fig. 6 (a) Loading and (b) immobilisation efficiency of the CBM-FPs loaded at ~10 mg ml™* before and after a 10 ml buffer flush. (c) Loading and (d)
immobilisation efficiency of CBM2a-mEGFP and mNeptune-CBM28 loaded at 5 mg ml™* before and after a 10 ml flush (extends to 80 ml for
CBM2a-mEGFP). (e) CBM2a-mEGFP solution before and after initial loading. (f) Visible light (above) and black light (below) images of CBM-FPs
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efficiency (2.02 wt% and 40.9%, respectively) with very little
retained after the 10 ml buffer flush (0.34 wt% and 6.9%),
compared with CBM3A-mCherry which had a much higher
initial loading and immobilisation efficiency and (5.24 wt%
and 79.4%, respectively) with far more retained after the 10 ml
buffer flush (4.63 wt% and 70.1%) than without the CBM
(Fig. 6a and b). This control was strong evidence that the
immobilisation was indeed due to CBM-based binding and
not a false positive due to another mechanism. The control
experiment with a mechanically ablated CS also had a high
initial immobilisation efficiency and loading at 91.3% and
5.94 wt% respectively, however leaching was more pronounced
with immobilisation efficiency and loading falling to 64.1%
and 4.15 wt% after the 10 ml buffer flush. CBM30-mOrange
performed significantly worse than CBM3A-mCherry with an
initial immobilisation efficiency and loading of 51.8% and
3.22 wt% respectively, falling to 30.2% and 1.88 wt% after the
10 ml buffer flush. CBM2a-mEGFP performed very well with

4726 | Green Chem., 2021, 23, 4716-4732

an initial immobilisation efficiency of 91.8% and initial
loading of 4.59 wt%, falling to 78.7% and 3.94 wt% respect-
ively after the 10 ml buffer flush. The mEGFP control (with no
CBM) displayed worse performance with an initial loading of
3.43 wt% and immobilisation efficiency of 78.1%, falling to
1.05% and 24.0% after the 10 ml buffer flush.
mNeptune-CBM28, at the lower protein concentration of
5 mg ml™", performed significantly worse than CBM2a-mEGFP
at the same concentration; with CBM2a-mEGFP having a very
high initial immobilisation efficiency of 97.1% (Fig. 6c-e).
These conditions were therefore taken as optimal for maximi-
sation of immobilisation yield, whereas higher protein concen-
trations of 10 mg ml™" were taken as conditions for maximisa-
tion of protein loading (Table S17). Leaching of the CBM-FPs
during the 10 ml buffer flush was evidently an issue; therefore
a further 70 ml of buffer was flushed through the CBM-GFP
loaded CS to assess if the leaching would stabilise over time,
however it did not — with the rate of protein leaching remain-

This journal is © The Royal Society of Chemistry 2021
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ing roughly constant after the first 10 ml (Fig. 6c). Minimising
the extent of leaching through optimisation of the buffer
through a DOE-type methodology could be a useful target of a
future study.

3.6. Translation to CBM-tagged enzyme constructs for CFB
evaluation

3.6.1. CS immobilisation of a CBM2a-owTA fusion con-
struct. After optimisation of the CS synthesis (section 3.3),
optimisation of the immobilisation flow conditions (section
3.4) and determination of the best performing CBM (section
3.5) with regards to maximising protein loading and immobil-
isation efficiency, the process was then translated to a CBM-
enzyme construct to evaluate the potential of the process for
CFB. An oTA from B. megaterium (SC6394) was selected as a
representative enzyme for this purpose, due to its significant
potential as an industrial biocatalysts.>*** ©TA’s are PLP
dependant enzymes that can transfer an amino group from a
donor molecule to the carbonyl group of an acceptor molecule
to produce o-chiral amines.” Furthermore, the enzymatic
activity of ®TA’s can be determined through a relatively simple
photometric assay based on the detection of acetophenone
production (Fig. S91) which absorbs strongly at 245 nm.”?
Here, (S)-a-MBA acts as the donor and pyruvate as the acceptor
to produce acetophenone and alanine at pH 8 and 30 °C.
Section 2.2 details the design and expression of the CBM2a-
oTA construct.

Employing the optimised CS synthesis and optimised flow
immobilisation conditions (with minor modifications, as
detailed in section 2.4.2), the CBM2a-oTA constructs were
immobilised to CSs. Loading and immobilisation efficiency
was determined by measuring protein concentration before
and after immobilisation via the Bradford method, employing
BSA as a standard (Fig. S101). CBM2a-mEGFP was run in paral-
lel in order to have a direct comparison, with concentration
determined by absorbance at 488 nm in addition to the
Bradford method. The data, summarised in Table S8, showed
similar initial loadings (0.80 vs. 0.71 wt%) and immobilisation
yields (81.4 vs. 95.5%) for the CBM2a-wTA and CBM2a-mEGFP

a'100
\? | ® 4 ul/min
S 90 * 200 ul/min
> go 4 100 ul/min
Q ] 75 ul/min
QO 70 4
Q 1e
£ 604
) 1 ..
c 50 A .
Xe] 1
T 40 A cees
o |
= 30
B 21
£ |
£ 10 1

0 . . :

0 10 20 30 40

Buffer volume (ml)

View Article Online

Paper

constructs when concentration was determined via the
Bradford assay. However, the concentration of the CBM2a-
mEGFP construct was significantly higher when determined
via the absorbance at 488 nm (i.e., the mEGFP chromophore)
than via the Bradford method (initial concentrations were 4.98
vs. 1.7 mg ml™", respectively). The concentration determined
via absorbance at 488 nm was taken as the more reliable
figure, since the Bradford method depends on the amino acid
composition of the protein which can differ significantly from
the BSA standard.®® Therefore, to correct for this discrepancy
and to allow direct comparison of CBM2a-oTA with the fluo-
rescent protein constructs, the concentration for CBM2a-oTA
was normalised based on the difference in measured concen-
tration for the CBM2a-mEGFP construct via the Bradford
method (1.7 mg ml™") and via its chromophore absorbance at
488 nm (4.98 mg ml~") (Table S81). Details of these normalisa-
tion factor calculations are given in the ESL}

3.6.2. Assessing leaching behaviour of CBM2a-oTA. After
the initial CS immobilisation of CBM2a-0wTA and CBM2a-mEGFP
as detailed above, the leaching of the constructs under continu-
ous flow conditions was assessed. To do this, a buffer compris-
ing of 100 mM potassium phosphate (KPI) in DI water and
DMSO (5 v/v%) at pH 8 was flushed through both the CBM2a-
®TA and CBM2a-mEGFP immobilised CSs in parallel, at various
flow rates. This buffer was used as it had been used in a previous
study for an colorimetric activity assay for wTA,”*> however we
later found that DMSO was unnecessary and omitted from the
CFB experiments. The protein concentration in the eluent was
measured every 2 ml, and the flow rate was changed every 10 ml
from 200, 100, 75 and back to 200 ul min~". The data, presented
in Fig. 7, showed similar leaching profiles for the CBM2a-wTA
and CBM2a-mEGFP. Interestingly, the extent of leaching was
independent of the flow rate and seemed to depend only on the
volume of buffer flushed through. After 40 ml of buffer had
passed through, the immobilisation efficiency (or % retained
enzyme) stood at 36.7% and 46.2% for the CBM2a-oTA and
CBM2a-mEGFP constructs, respectively.

For industrial CFB applications, this rate of leaching would
likely be unacceptably high and would therefore need to be
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Fig. 7 Leaching profiles for CS-immobilised (a) CBM2a-»TA and (b) CBM2a-mEGFP as buffer is flushed through at various flow rates.
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improved. This could be addressed through optimisation of
the buffer conditions (e.g., salt and buffer type/concentration
may be significant factors that affect leaching behaviour),
screening for superior CBMs (this study only looked at six),
employing multiple CBMs for superior affinity, or employing
covalent crosslinking methods in conjunction to robustly
anchor the CBMs to the CSs. Other applications, such as biore-
mediation, may be more suitable than CFB if they have a
higher tolerance for leaching and may place a higher priority
on cheap, biodegradable materials such as the wood-derived
CSs.

3.6.3. Assessing CS-immobilised CBM2a-»TA for CFB. In
order to demonstrate that CBM-tagged recombinant enzymes
immobilised to CSs could, in principle, be employed in a CFB
set up - their activity in flow was measured and compared
with the activity of the free enzyme in solution. The aforemen-
tioned photometric assay involving the conversion of (S)-
a-MBA (donor) and pyruvate (acceptor) was employed due to
its simplicity and robustness (Fig. S$91).>** It should be
emphasised that the conditions employed here were based on
the findings of previous literature reports and have not been
optimized to maximise conversion efficiency in our system -
since the goal here was to demonstrate proof-of-principle.>*>>
Optimisation of factors such as temperature, pH, ionic con-
ditions, flow rates and other process conditions to maximise
conversion efficiency and minimise enzyme leaching could be
the target of a future study.

Initially, a calibration curve monitoring the change in
absorbance of the reactants and products at 245 nm was pro-
duced allowing the determination of acetophenone production
(Fig. S11}). The activity of the free enzyme in solution (see
section 2.5 for experimental details) was determined and
found to stabilize at around 50% conversion (50.71% after
300 minutes) (Fig. 8a), which was used as a basis for compari-
son with the performance of the CS immobilised CBM2a-wTA
in flow.

In three replicate experiments, CBM2a-oTA was loaded onto
the optimised CSs following the optimised procedure as
detailed in section 2.6. Note, a higher concentration (ca. 10 mg
ml™" by normalized Bradford assay) was employed than for the
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Fig. 8
CBM2a-wTA relative to activity of free enzyme in solution.
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leaching study (6.68 mg ml™") in order to maximise enzyme
loading over immobilisation efficiency. Here, the initial
enzyme loading on the CSs was 3.99% = 0.86. After loading, a
reactant mixture consisting of 25 mM pyruvate, 25 mM (S)-
a-MBA, 0.2 mM PLP and 100 mM KPI buffer at pH 8 was
passed through the CSs at a rate of 200 pL min~", and the pro-
duction of acetophenone was monitored every 5 minutes (or
every 1 mL) at 30 °C (Fig. 8b). Note that acetophenone concen-
tration measurements were conducted immediately to prevent
activity from any leached enzymes from significantly affecting
the results. The results show that after an initial lag period of
about 40 minutes the conversion relative to free enzyme in
solution approached 95 + 5% with good reproducibility
between the three replicate experiments. The reason for the
significant lag period was unclear, but may have been due to
the CSs adjusting to the new buffer environment, or the pro-
duced acetophenone being immediately immobilised onto the
surface of the CSs until saturation. Extrapolation of this per-
formance corresponds to an acetophenone production rate of
0.09 ¢ h™, or 2.16 g day™' - however the long-term stability of
the enzyme was not assessed nor have the flow conditions
been subject to optimisation in this instance. Higher flow
rates than 200 ul min™ were not explored since the higher
backpressures associated with faster rates would often cause
leakage with our experimental set-up.

3.7. Testing immobilisation directly from cell lysate

After confirming that a CBM-tagged enzyme could indeed be
immobilised to a wood-derived CS and employed in a CFB
set-up, we conducted some experiments to further explore
the potential of the concept. Firstly, we conducted a scoping
experiment to determine if CBM-tagged proteins could be
immobilised directly from cell lysate. Enzyme purification
can be a relatively expensive and time-consuming step
which can limit their appeal as alternatives to traditional
chemical catalysts for synthesis. If CBM-tagged enzymes
could avoid prior purification and be immobilised directly
from lysed cells onto wood-derived CSs it could be a signifi-
cant cost and time saving, improving their viability for indus-
trial biocatalysis.

T
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(a) Activity of free CBM2a-wTA in solution determined through acetophenone assay (absorbance at 245 nm) (b) activity of CS-immobilised
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To test this, a CBM3a-mCherry fusion construct was
expressed in E. coli before the cells were collected and subject
to lysis via sonication. The lysed cells were briefly centrifuged
to remove the majority of the insoluble cell debris - but other
soluble impurities remained. This resulted in a cloudy solution
with a CBM3a-mCherry concentration of about 3 mg ml™" -
the solution was not subject to further concentration since
such a step would also remove the soluble impurities. The
solution was flowed through an optimised CS under optimised
flow conditions, aside from the concentration being sub-
optimal. The protein loading (based on two duplicate experi-
ments) was 1.7 wt%, with an immobilisation yield of 97.6%,
falling to 95.8% after a further 5 ml flush of buffer. Higher
loadings would likely be possible with higher initial protein
concentrations, but would come at the expense of immobilis-
ation yield. As a control, mCherry with no CBM attached was
also flowed though in an analogous experiment, although a
lower concentration of 0.5 mg ml™" was employed due to lower
expression yield and since it was not possible to concentrate
the sample without also removing impurities. This control
experiment showed a much lower protein loading of 0.22 wt%
and lower immobilisation yield of 77.6%, falling to 61.9% after
a 5 ml flush of buffer indicating relatively poor attachment. A
visual inspection of the immobilised CS’s also suggested that
the CBM3a-mCherry CS was unsaturated and could accommo-
date further protein, whereas the mCherry control appeared
saturated (Fig. S127).

3.8. Testing immobilisation with other wood precursors

In another scoping experiment, we sought to determine if
other wood types could also be employed, since American
Basswood may not be the most sustainable or economical
option - especially in regions where it is not naturally culti-
vated. Other wood types may also have more optimal pore
sizes for certain processes. Here, we tested English Oak
due to its relatively small pore size in comparison with
Basswood.

Briefly, the optimised CS fabrication procedure was
employed with Oak wood rather than Basswood to produce
Oak-derived CSs. The produced CSs had a similar aspect to
Basswood-derived CSs (Fig. S13at). Then, an aqueous solution
of CBM3a-mCherry (3.62 mg ml™") was flushed through both
the Oak-derived and Basswood-derived CSs in parallel, follow-
ing the optimised procedure. Note that CBM3a-mCherry
obtained directly from the cell lysate (i.e., without further puri-
fication) was employed to further support the experiment in
section 3.7. This meant that the optimal protein concentration
of 10 mg ml™" was not employed as the process of concen-
tration would have removed some impurities. The initial
protein loadings for Basswood-derived and Oak-derived CSs
were 1.95 and 1.60 wt%, respectively. The initial immobilis-
ation yields were 95.4% and 91.7%, falling to 92.0% and
87.5% after a 5 ml buffer flush, for the Basswood-derived and
Oak-derived CSs, respectively. This data show that Oak-derived
CSs perform almost as well as Basswood-derived CSs, despite
the optimisation being conducted for the latter. Based on this,
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we believe it is reasonable to infer that many other kinds of
wood could also be employed with this process.

3.9. Discussion

Although further investigation is required to explore the full
potential of CBM-based enzyme immobilisation on wood-
derived CSs for CFB - this proof-of-principle study demon-
strates the feasibility of the technique. Parametric optimisation
of the CFB conditions (including flow rates, temperatures, pH,
ionic conditions and other parameters) to maximise catalytic
performance of the system (e.g., turn over number, turn over
frequency, space-time-yield etc.) would be a useful objective of
a future study. More in-depth WAXD studies would also be
insightful, for example a WAXD study to determine if regions
which appeared to uptake greater amounts of CBM-FPs (e.g.,
the relatively fibrillated CS end regions) had a substantially
different microstructure would be interesting. Another insight-
ful study would be to investigate the effect of residual lignin
on CBM-based immobilisation affinity, since it was apparent
from Fig. S5t that different CS synthesis conditions resulted in
different levels residual lignin content. It’s possible that the
residual lignin content could play a significant role in resul-
tant CBM-based immobilisation capacity - if so, the colour of
the produced CS’s (lighter colour = less residual lignin) could
be a good indicator of potential immobilisation capacity. This
could allow relatively fast screening of process conditions for
future optimisation.

The current rate of enzyme leaching is problematic and will
need to be addressed if CBM-tagged recombinant enzymes
immobilised to CSs are to be employed for industrial appli-
cations. Where documented, CBM-based enzyme immobilis-
ation appears to have a persistent problem with leaching -
however it is often not clear how much, if any, optimisation
was conducted to mitigate the extent of this leaching.’***
Unfortunately, the field lacks reliable protocols for the
measurement of the extent of leaching meaning reliable com-
parisons between literature reports are unavailable. A detailed
study into the factors which effect CBM-based enzymatic leach-
ing would therefore be a helpful future study - especially if it
outlines standard conditions for future studies to follow to
enable reliable comparisons of leaching behaviour with other
reports. It should be noted that other forms of affinity-based
immobilisation can achieve remarkably little leaching,”® indi-
cating that CBM-based immobilisation has the potential to
overcome this issue. A similar investigation into the stability
and longevity of CBM-based immobilised enzymes would also
be similarly beneficial.

Compared to other enzyme immobilisation techniques, the
use of CSs as an immobilisation material could be considered
a relatively low cost, green and scalable alternative. In particu-
lar, the aligned macropores of CSs could feasibly be employed
as a cheap, scalable parallel microchannel reactor bundles,
akin to multichannel microfluidic chip reactors.>® Microfluidic
reactors with aligned channels have numerous merits over
packed-bed flow reactors - particularly with regard to process
intensification - including superior mass and heat transfer
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profiles, highly symmetric lamellar flow dynamics and rela-
tively high effective contact areas with low back pressures.'®>*
High costs associated with the fabrication of such microfluidic
reactors have been a barrier to scale up, meaning low cost CSs
could be a competitive alternative. Furthermore, the flexible
CBM-based affinity immobilisation explored here could, with
further development, allow stable and selective tethering of
active enzymes to the CS microchannel walls without the need
for dirty and costly surface functionalisation chemistries. The
in-flow immobilisation technique employed here can also be
considered advantageous from a practicality perspective, allow-
ing the CS to be loaded (or re-loaded) with enzyme without dis-
mantling the setup as is often the case for packed-bed flow
reactors.”’ We also note that although the sulphite pulping
process was employed here for the removal of lignin and hemi-
cellulose, other lower-energy and more sustainable processes
could be also feasibly be employed. Such processes may also
have better recovery of the lignin which could be utilised for
other applications, further improving green credentials.

4. Conclusions

In this work, CSs with aligned macroporosity were produced
through the de-lignification of wood under relatively mild
sulfite pulping conditions. Various CBM-tagged fluorescent
proteins were designed, expressed and subsequently immobi-
lised to the CSs, before being employed to efficiently optimise
a range of parameters using a DOE-based methodology. Once
optimised to maximise protein loading and immobilisation
efficiency, a construct based on the best-performing CBM
(CBM2a from C. cellulovorans EngD) and an industrially rele-
vant enzyme (oTA from B. megaterium) was designed,
expressed and also immobilised to the CS materials - demon-
strating translatability of the process. The initial loadings and
immobilisation efficiencies of the CBM2a-oTA (as high as
3.99 wt% and 82.4%, respectively) were higher than most other
values reported in the literature for CBM-based enzyme immo-
bilisation - despite employing a novel, non-commercial, cellu-
losic scaffold material derived from wood. A proof-of-principle
study demonstrated that the CS immobilized CBM2a-oTA
working in a CFB setup maintained its catalytic activity relative
to the free enzyme in solution (ca. 95 + 5% relative activity),
meaning such a system, with further development, has the
potential to compete with other established enzyme immobil-
isation technologies - particularly on a cost-performance basis
due to the relatively low cost of wood-derived cellulose and the
demonstrated ability to immobilise directly from cell lysate.
This work establishes a foundation for the further exploration
of wood-derived CSs with aligned macroporosity for use as
enzymatic microchannel reactors in CFB.
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