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The insertion of bis(diarylcarbene)s onto a glass fiber (GF) membrane surface provided an active coating
for the direct capture of protein — exemplified by the enzyme, cellulase — through a mild diazonium
coupling process which does not require additional coupling agents. Successful cellulase attachment on
the surface was demonstrated by the disappearance of diazonium and formation of azo functions in the
N 1s high resolution spectra, the appearance of carboxyl group in C 1s spectra, both observed by XPS;
the —C=0 vibrational bond observed by ATR-IR; as well as the observation of fluorescence. Further, five
support materials (polystyrene XAD4 bead, polyacrylate MAC3 bead, glass wool, glass fiber membrane,
polytetrafluoroethylene membrane) with different morphology and surface chemistry, were examined in
detail as supports for cellulase immobilization using this common surface modification protocol. Of
interest is that such covalently bound cellulase on modified GF membrane gave both the highest
enzyme loading (~23 mg cellulase per g support), and retained more than 90% of activity after 6 cycles
of re-use, compared with substantial loss of enzyme activity for physiosorbed cellulase after 3 cycles.
Optimization of the degree of surface grafting and the effectiveness of a spacer between surface and
enzyme for enzyme loading and activity were conducted. This work shows that carbene surface
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retaining a meaningful level of activity, and particularly, using GF membrane as a novel support provides
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1. Introduction

Surface modification of diverse materials by insertion of car-
benes provides access to a variety of functional materials with
adjusted chromophore, wettability, biocompatibility, crosslink-
ing and adhesion properties.'® Carbene insertion may arise by
reaction at X-H (X = C, O, N, P, S, etc.) as well as carbon-carbon
double and triple bonds, all of which lead to covalent (i.e.
irreversible) attachment of new surface functionality.” Although
this approach gives a relatively low loading on the surface,
nonetheless there is sufficient capacity for the detection of
chromophores and the binding and release of small
molecules.® We have earlier shown that surface modification
of a variety of substrates, i.e. polymeric beads and powder using
diaryldiazomethane derivatives leads to surface loading values
of 10"*-10"> molecules per cm?°® and of 10''-10"® molecules per
cm? via using bisdiazo derivatives for filter paper and Hybond™
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a potential platform for enzyme and protein immobilization.

membrane.'® Of interest to us was whether this process might
be successfully applied to macromolecule (enzyme) capture, and
whether this loading level would give measurable and useful
activity sufficient for bioengineering applications. Such an
approach would be unique since it would provide a surface
modification platform based upon carbene insertion for bind-
ing biomolecules, and the opportunity to use materials which
have not been considered for enzyme immobilization.
Cellulase is a complex enzyme composed mainly of endo-
glucanase, exoglucanase and B-glucosidase, and is the third
largest industrial enzyme by value, able to decompose cellulose
and its derivatives into reducing sugar;'*™*® it was therefore
chosen as the model enzyme for our study. Cellulase immobi-
lization has been recently focused on micro- and nanomaterials
with higher surface area, as reviewed by Rajnish et al.'* These
materials exhibited varied loading capacity, retained activity
and reusability performance. The highest cellulase loading of
860.6 mg g ' with a retained cellulase activity of 52% was
achieved using Fe;O,4/acid activated montmorillonite compo-
site via physisorption,’> while the highest retained cellulase
activity was 98% using MWCNT as support material via chemical
bonding.'® As to the reusability studies of the immobilize cellu-
lase, metal-organic frameworks like UiO-66-NH, possessed an
enzyme loading capacity of 290 mg g~ support via physisorption
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Fig. 1 Schematic illustration of surface modification procedure for support with bis(diaryldiazomethane) to generate S-carbene-NH, and further
surface treatment to produce S-carbene-N," and S-carbene-spacer-N,* and the subsequent enzyme immobilization process to generate S-carbene-
N=—N-cellulase and S-carbene-spacer-N—N-cellulase, S stand for support material, the spacer is 4,4’-(((ethane-1,2-diylbis(oxy))bis(ethane-2,1-

diyl))bis(oxy))dibenzenediazonium.

and more than 70% retained activity after 10 cycles,"” while a
loading of 126 mg g ' support and 70% retained activity after 5
cycles was reported using UiO-66-NH, for covalent binding of
cellulase.'® However, all these reports were based on specifically
designed bespoke supports with high surface area, but our
interest was in using commercial material for enzyme capture
via covalent bonding with a generic platform surface modifica-
tion approach. We therefore sought to utilize bis(diarylcarbene)s
derived from bis(diaryldiazomethane) derivatives to provide a
common surface modification method, which would be suitable
for modifying a range of different commercial materials.”

Our plan was to modify commercial materials with
bis(diarylcarbene)s to functionalize the surface with aniline

2378 | J Mater. Chem. B, 2023, 11, 2377-2388

groups (S-carbene-NH,, Fig. 1), which could then be used to
create a surface without (S-carbene-N,’, Fig. 1) or with spacer
(S-carbene-spacer-N,", Fig. 1). Here, of crucial importance, the
terminal diazonium surface was capable of coupling directly with
tyrosine or other electron rich amino acid residues on cellulase,
without the requirement for additional coupling agents. Such
active trapping of the enzyme would operate under particularly
mild conditions, but it is not a strategy that has been widely used.
For example, beta-galactosidase bound to nylon membranes via
diazotization was explored and turned out to be less stable at
high temperature and acidic conditions,'® a polystyrene-based
diazonium salt was synthesized and used to immobilize beta-
glucosidase on three polymeric films,”® and a rapid cellulase

This journal is © The Royal Society of Chemistry 2023
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immobilization method was developed by functionalizing gra-
phene oxide with diazonium termini.”* While detailed character-
ization of the surface immobilized enzyme was missing in those
studies, such a diazonium coupling approach has recently been
further developed for the selective modification of proteins
containing strongly nucleophilic tyrosine residues.”*?*> For
instance, the conjugation of trastuzumab with diazonium salts
gave an average loading of 1.0-3.8 azo compound per antibody
with high selectivity for tyrosine residues,*” a catch-and-release
approach was reported by linking diazonium salts to resin Affi-
Gel 10 and coupling to protein with accessible tyrosine
residues,” and a radiolabelling diazonium salt could react with
tyrosine residues on neurotensin in high yield.>* All of this
literature precedent suggested that diazonium coupling could
be a good bioconjugation strategy. Arenediazonium salts have
also been studied for protein conjugation and labelling,>* and
one of our previous studies covering diazonium couplings with
aromatic amines in solution and on a polymer surface provides
detailed mechanistic understanding.>® Thus, successful covalent
binding of cellulase onto a chemically modified surface using
mild diazonium capture would offer a unique and stable plat-
form capable of general application for enzyme immobilization,
and we report here the outcome of our work to develop this
approach.

2. Materials and methods
2.1 Chemicals and materials

Glass Fiber (GF) membrane, composed of pure borosilicate
glass, was purchased from Whatman (1820-047). Amberlite™"
XAD-4 (XAD4) and Dowex® MAC-3 hydrogen form (MAC3) were
purchased from Sigma-Aldrich (Merck Ltd). Glass wool, poly-
tetrafluoroethylene (PTFE) membrane, sodium citrate dihydrate,
citric acid, sodium carboxymethyl cellulose, and sodium acetate
were supplied by Adams, Tansol Co. Ltd. Cellulase, dinitrosalicylic
acid (DNS) reagents were obtained from Shanghai Yuanye Bio-
technology Co. Ltd. Coomassie (Bradford) protein assay kit, and
glacial acetic acid were from Thermo Scientific. AR grade solvents
like dichloromethane (DCM), acetone, and ethanol were from
Sinopharm Chemical Co. Ltd (Shanghai, China). The other reagents
were purchase from Alfa-Aesar (Thermo Scientific). All the chemicals
were used as received.

2.2 Synthesis and surface modification

The synthesis of bis(diaryldiazomethane) 1,3-bis(diazo(4-pheno-
xyphenyl)methyl)benzene and dianiline derivative 4,4’-(((ethane-
1,2-diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))dianiline (the precur-
sor for spacer) has been reported'®””*® and its synthetic route
can be found in the ESI{ and Fig. S1-S2 with detailed procedures
provided in previous literature.

For surface modification, the procedure comprises: first,
bis(diaryldiazomethane) (concentration w = 5, 20, 50 mg mL "
in DCM) was used to modify GF membrane to give GF-carbene-
NH, and then the surface was either converted to diazonium
surface GF-carbene-N," via reaction with sodium nitrite in

This journal is © The Royal Society of Chemistry 2023
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acidic conditions, or the surface can be directly bound to a
spacer terminated with a diazonium unit to generate GF-
carbene-spacer-N," (Fig. 1). The two diazonium surfaces were
used directly for cellulase immobilization to give GF-carbene-
N=N-cellulase and GF-carbene-spacer-N—N-cellulase (Fig. 1).
Four more materials (XAD4, MAC3, glass wool, and PTFE
membrane) were modified using the same protocol and their
immobilized enzyme activity was studied. Here, different con-
centrations of bis(diaryldiazomethane) (w = 5, 20 and
50 mg mL ') on modified GF membrane are denoted as GF-
carbene-NH,-w mg, GF-carbene-N,"w mg and GF-carbene-
spacer-N,-w mg. All the details for surface modification can
be found in previous reports>'° and in the ESL

2.3 Surface characterization

X-Ray Photoelectron Spectroscopy (XPS) was performed with an
Al Ko X-ray source (hv = 1486.6 €V) at 10 °-10 *° Pa (Thermo-
Scientific ESCALAB 250Xi). C 1s was calibrated to 284.8 eV
using Thermo Avantage software. Attenuated total reflection-
infrared (ATR-IR) spectra were measured from 4000 to
600 cm ™' using Shimadzu IRaffinity-1S spectrometer. Contact
angle for water and diiodomethane was measured at three
randomly selected areas with 2 pL drop size using DSA25E
from Kruss Co. Scanning Electron Microscopy (SEM) photo-
graphs were taken on a Zeiss Sigma 300 (Zeiss Co., Germany)
with all samples coated by ~20 nm thickness of gold. Confocal
laser scanning microscope (CLSM) was done using Olympus
FV3000 (Olympus Co., Japan), the samples (5 mg) were treated
with fluorescein isothiocyanate (FITC, 5 pg) at 4 °C for 4 h in
1 mL 70% ethanol solution, washed with extensive ethanol and
water before bringing to CLSM for observation.

2.4 General Procedure A for cellulase immobilization and
loading test

Cellulase was immobilized onto the modified supports by diazo cou-
pling, which formed an azo link between the supports and cellulase.
Normally, the diazonium supports (S-carbene-N," or S-carbene-spacer-
N,") were shaken with 3 mg mL " cellulase in 5 mL citrate buffer
(0.05 M, pH 4.8) at 150 rpm room temperature (25 °C) for 24 h.

After completion of immobilization, the supernatant was
collected, and the supports were washed with 5 mL citrate
buffer for three times, the washed supernatant was combined
with the initial supernatant, and the supports were stored at
4 °C until further use. The residual cellulase in the supernatant
was used to determine the enzyme loading capacity using the
Bradford method, with bovine serum albumin as a standard
protein. The enzyme loading capacity was calculated using the
following equation (eqn (1)):

enzyme loading capacity (mg g~ support™') = Mo — 1

(1)

m

in which, m, is the initial enzyme mass, my is the final super-
natant enzyme mass, m is the mass of support.
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2.5 General Procedure B for determination of enzyme activity

The activity of free and immobilized cellulase was analyzed by
hydrolysis of carboxymethylcellulose (CMC) according to previous
reports.”® For free cellulase, cellulase (0.5 mL, 3 mg mL ") was
added into a conical flask followed by 5 mL 1% CMC in acetate
buffer (pH 4.8, 0.05 M), and for immobilized cellulase on supports,
0.5 mL acetate buffer was added into the flask followed by 5 mL
CMC solution. The reaction was carried out at 50 °C 200 rpm for
30 min, the produced glucose was determined by the 3,5-
dinitrosalicylic acid (DNS) method:*® 2 mL of the reaction mixture
was mixed with 3 mL DNS and boiled for 5 min, and then,
measurement was done with UV-Vis at 540 nm. One unit of cellulase
is defined as the amount of enzyme that produces one micromole of
glucose per min, the relative activities were calculated by comparing
the immobilized enzyme activity with the activity of free enzyme.

2.6 General Procedure C for enzyme reusability and thermal
stability

For the reusability test, General Procedure C was used: immo-
bilized cellulase on supports from the above activity test was
washed with acetate buffer at least three times and CMC (5 mL,
1%) solution was added, and then shaken at 50 °C 200 rpm for
30 min. Similar to General Procedure B, 2 mL of the reaction
mixture was mixed with 3 mL DNS and boiled for 5 min before
measurement of absorption at 540 nm. This procedure was
repeated for each cycle and in total 6 cycles were conducted
including the initial activity test in the first cycle.

Thermal stability of free and immobilized cellulase on GF
membrane was assayed according to the following procedure: free
and immobilized cellulase on GF membrane was added into CMC
(10 mL, 1%) solution at 50 °C for 30, 60, 90, 120, 150, and 180 min
respectively. 1 mL of reaction mixture was taken out after each time
interval, mixed with 4 mL DNS and boiled for 5 min. After cooling,
UV-Vis measurement was taken at 540 nm.

3. Results and discussion
3.1 Surface modification

We have reported the use of monocarbenes and dicarbenes for
material surface modification,” but in order to extend this to a

View Article Online
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strategy to permit protein capture at a modified surface, we
wished to exploit the following sequence: first, carbene inser-
tion onto a material surface using reaction of a diaryldiazo
group as previously reported;> second, conversion of the sur-
face amine groups to diazonium salts which would be capable
of active capture of protein, by coupling, for example, with
electron rich tyrosine residues.” This approach is of particular
importance here because it is generally applicable to a wide
range of surfaces, and it provides very mild conditions for
surface protein conjugation, avoiding toxic agents like dialde-
hydes. Since a successful modification of bis(diarylcarbene)
onto GF membrane was covered in our previous study,” GF
membrane was chosen as a substrate of interest and the
modified GF membrane (GF-carbene-NH,) was initially investi-
gated for capturing the cellulase.

3.2 Characterization of cellulase on GF membrane

3.2.1 Color and wettability. The color and wettability of
surface modified material provide immediate indication of
change at the surface (Table 1). The yellow color deepens as
the concentration (w) increases from 0 to 50 mg mL™ "' for
GF-carbene-N,*, while the membrane color became even darker
after cellulase immobilization (GF-carbene-N—N-cellulase). A
similar trend in color change has also been observed for
supports with spacer (GF-carbene-spacer-N—N-cellulase).
The introduction of color onto colorless substrates is due to
the attachment of a visible chromophore onto the surface,
and moreover shows a good level of homogeneity. The lighter
color of GF-carbene-spacer-N—N-cellulase compared with
GF-carbene-N—N-cellulase is mainly attributed to the break
of conjugation by ethoxy chain from spacer.

The surface wettability also varied significantly for supports
before and after cellulase immobilization, (Fig. 2); for w =
0 mg mL ™', the water immediately penetrated the membrane,
demonstrating the hydrophilicity and the high porosity of the
fibers, while physiosorbed cellulase did not change the porosity
of the membrane but kept the surface hydrophilic. The contact
angle for the diazonium surface before immobilization was
higher than 90° (as w increased from 5 to 50 mg mL™ "', GF-
carbene-N," changed from 136° to 130°, and GF-carbene-

Table 1 Color of membranes before and after cellulase immobilization at different bisdiazo concentration

Bisdiazo concentration w (g mL ")

Membrane

50

GF-carbene-N,*

GF-carbene-N—N-cellulase

GF-carbene-spacer-N,"

GF-carbene-spacer-N—N-cellulase

2380 | J Mater. Chem. B, 2023, 11, 2377-2388
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Fig. 2
to fully wet the surface has been labelled (unit: s).

spacer-N,"* from 125° to 108°), with water not penetrating into
the membrane.> However, after enzyme immobilization,
regardless of w values and spacer addition, all of the modified
surfaces became hydrophilic and showed complete water pene-
tration within 2 s. The surface energy decreased by half after
cellulase immobilization on modified membrane compared
with GF-cellulase (Table S1, ESIt). This significant change in
wettability is due to the addition of hydrophilic molecules and/
or cellulase on the surface.

3.2.2 Characterization by XPS. The chemical components
of the cellulase on GF membrane surface (w = 20 mg mL™")
were analyzed by XPS at full scan (Fig. S3, ESIt), and surface
element percentage as well as N/C ratio were summarized in
Table 2. Importantly, an increase in C 1s and N 1s peaks and
decrease in Si 2p peak shows successful modification of GF
membrane with a surface organic layer containing nitrogen.
The signal for Si can be taken as an indicator of the thickness of
surface modification, and a significant decrease from 30%
(GF membrane) to 2.3% (GF-carbene-N,") and finally to less
than 1% after cellulase immobilization (GF-carbene-N—N-
cellulase) shows that the Si element becomes buried after the
GF membrane surface was coated with bis(diarylcarbene) and
cellulase. The detection of the element S confirmed the
presence of enzyme, although for GF-cellulase, no S was found
probably due, firstly, to the lower enzyme loading for this
surface, as expected, and secondly, to the lower sensitivity for
S 2p. The N/C ratio is also evidence for enzyme on the surface,
and for GF-cellulase, an increase in N/C compared with GF
membrane was observed, attributed to physisorption of cellu-
lase. Similar increase in N/C ratio is also observed for
GF-carbene-N—N-cellulase =~ and  GF-carbene-spacer-N—N-
cellulase. These data imply the presence of cellulase on surface,
but not its mode of attachment.
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1s t=15s

Images of water droplet on surfaces at different bis(diarydiazomethane) concentration after fully wetted, and the time taken for the water droplet

Further deconvolution of high-resolution spectra gives proof
for covalent bonding of cellulase onto the modified surfaces. As
shown in Fig. 3a, one single bonded nitrogen (-NH-) peak at
399.9 eV in GF-cellulase was from physisorbed cellulase, while
for surfaces with diazonium (GF-carbene-N," and GF-carbene-
spacer-N, "), the N 1s peak becomes broadened and showed two
peaks at higher binding energy (401.1 eV and 402.9 eV) attrib-
uted to -N," and one peak at 399.8 eV ascribed to -NH-. With
the covalent bonding of cellulase, disappearance of the diazo-
nium peak and appearance of a weak -N=—N- peak at 400.9 eV
was observed for the covalently bonded cellulase surfaces (GF-
carbene-N—N-cellulase and GF-carbene-spacer-N—N-cellulase)
but not for physiosorbed cellulase surface (GF-cellulase). This
peak assignment is consistent with previous reports®* and
firmly confirmed the bonding between surface and cellulase. In
addition, the N 1s peak for cellulase immobilized on GF
membrane with different w was deconvoluted as shown in
Fig. 3b, and a -N=N- peak was found in all except for GF-
cellulase, proving the peak around 400.9 eV was the -N—N-
peak formed by reaction of the diazonium unit with cellulase.
For w = 20 mg mL™ ", the highest -N=N- peak area was found
(Table S3, ESIf) showing that this concentration has the most
chemically bonded cellulase.

The C 1s high resolution peak also gives informative results
(Fig. 3c). C 1s spectra was deconvoluted into 2 or 3 peaks
respectively, with 284.8 eV assigned to sp’/sp® hybridized
carbon (-C-H, -C—C- or -C-C), ~286 eV assigned to C-O/
C-N, and 288 eV assigned to C—0, and proportions of decon-
voluted peaks and ratio between C-O/C—-C are given in Table S2
(ESIY). The pristine GF membrane, used as control, showed a
broad peak attributed to adventitious carbon on the surface,
while an extra peak was observed for GF-cellulase at around
288 eV, arising from the C=O0 of the peptide (or amide) groups

Table 2 Surface elemental (atom%) components determined by high resolution spectra from XPS

Elemental (atom%)

Surface information C1s N 1s O 2p Si 2p S 2p N/C

GF membrane 11.38 0.63 57.66 30.33 0 0.055
GF-cellulase 23.07 2.33 50.53 24.07 0 0.101
GF-carbene-N," 79.24 4.59 12.95 3.23 0 0.058
GF-carbene-N=—N-cellulase 62.86 8.62 27.25 0.92 0.35 0.137
GF-carbene-spacer-N," 74.82 8.79 16.21 0.17 0 0.117
GF-carbene-spacer-N—N-cellulase 68.05 10.2 21.22 0.23 0.3 0.150

This journal is © The Royal Society of Chemistry 2023
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(a) High resolution N 1s spectra for surfaces of GF membrane before and after cellulase immobilization; (b) high resolution N 1s spectra for

20 and 50 mg mL™%; (c) high resolution C 1s XPS spectra for surfaces of GF

membrane before and after cellulase immobilization. w = 20 mg mL~* was used to modify GF membrane.

of cellulase. An increase of two times in peak area for C-O at
~286 eV is observed for the surface with spacer (GF-carbene-
spacer-N," and GF-carbene-spacer-N=—N-cellulase), giving evi-
dence for successful attachment of spacer (which contains
repeating glycol units). The appearance of peaks at ~288 eV
gave conclusive proof of cellulase on surface, in line with the N
1s result.

3.2.3 Characterization by ATR-IR. We have earlier reported
the ATR-IR of GF membrane modified surface,” and the ATR-IR
of membrane immobilized with cellulase at different concen-
tration of bis(diaryldiazomethane) is shown in Fig. 4. Obvious
increases in signal around 1598 cm ™", 1497 cm ™" attributed to
the aromatic C=C vibration and around 1234 cm ' contribu-
ted by C-O vibration were consistent with the increase in w. A

Transmittence (%)

—— GF-cellulase
——— GFcarbene-N=N-cellulase-5mg

—— GF-carbene-N=N-cellulase-20mg
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1
4000 3500 3000 2500 2000 1500 1000
Wavelength (nm)

weak peak was observed at 1659 cm ™" (Fig. 4a) as w changes

from 5 mg mL~" to 50 mg mL ™", attributed to the vibration of
C—0, and is evidence for the cellulase on the surface. For
GF-cellulase, no obvious signal was observed at this wave-
length, probably due to the lower loading of cellulase. Similarly,
for surface with spacer, the signal was also too weak to be
observed by ATR-IR due to the lower loading of cellulase.
3.2.4 Surface morphology and cellulase distribution. A
comparison of the surface morphology of GF membrane sup-
ports both before and after cellulase immobilization was made
using SEM (Fig. 5 at w = 20 mg mL™ ", and a more complete
comparison of w from 0 to 50 mg mL™" can be found in ESI}
Fig. S4). By comparison to the control pristine GF membrane
(Fig. 5a), GF-cellulase shows a rougher surface of the fibers
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Fig. 4 ATR-IR of (a) immobilized cellulase on membranes of GF modified with bis(diarylcarbene) at different concentration; (b) immobilized cellulase on

membrane of GF modified with bis(diarylcarbene) at different concentration
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along with the presence of irregular granules (Fig. 5b). This is
consistent with a previous study reported by Hirsh et al.’" that
surface-induced aggregation of cellulase can occur. After
bis(diarylcarbene) insertion on the membrane surface, the
fibers can be seen to adhere due to the cross-linking and
polymerization of the biscarbene with the amine surface,’
and crosslinked fibers are clearly visible on GF-carbene-N,"
(Fig. 5¢) and GF-carbene-N—N-cellulase (Fig. 5d). This membrane
becomes wettable after cellulase immobilization, and higher mag-
nification (Fig. 5d, inset) indicates aggregated cellulase on the
glass fiber. The morphology for GF-carbene-spacer-N," (Fig. 5€)
shows irregular dots, due to the coupling of hydrophobic
GF-carbene-NH, surface with spacer which has a hydrophilic
ethoxy group, leading to aggregation of spacer on surface. After
cellulase immobilization reaction, the morphology for GF-carbene-
spacer-N—N-cellulase (Fig. 5f) was similar to GF-carbene-N—N-
cellulase (Fig. 5d), with cross-linked fibers and both wettable by
water, confirming the attachment of cellulase.

Since enzyme aggregates were observed in SEM, confocal
microscopy was utilized to further visualize the distribution of
enzyme over the membrane. FITC was used to label the enzyme
and although pristine GF membrane was initially used as the
control, it proved to be unsuitable because green fluorescence
was observed across the entire surface due to physisorption
(Fig. 6a). Therefore, GF-carbene-N," was chosen as an alterna-
tive control, and two concentrations w = 5 and 50 mg mL " of
surface modification were chosen for evaluation. Very weak to
no fluorescence was observed for GF-carbene-N,” modified
surface at both bisdiazo concentrations (Fig. 6b), but uniform

b GFZcellulase

. .
GF-carbene»Nﬁ' R 4 hE:g@ene-N:N-cellulase
. r2

4(,
|

Fig. 5 SEM image for surfaces of (a) GF membrane, (b) GF membrane-
cellulase and insertion at higher magnification, (c) GF-carbene-N,*,
(d) GF-carbene-N=N-cellulase and insertion at higher magnification, (e)
GF-carbene-spacer-N,*, (f) GF-carbene-spacer-N=N-cellulase and
insertion at higher magnification. The red circles highlight the aggregated
cellulase on the fibers, and w = 20 mg mL™ for the modified membrane.
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green fluorescence (Fig. 6d) confirmed both the attachment of
FITC to cellulase and the regular distribution of cellulase all
over the membrane surface.

3.3 Cellulase immobilization study

3.3.1 Support materials. In order to provide suitable con-
text for the efficacy of GF membrane and to understand the
importance of the membrane in this process, four other com-
mercial materials (polystyrene XAD4 bead, polyacrylate MAC3
bead, glass wool, polytetrafluoroethylene membrane) varying
significantly in physical, morphological and chemical proper-
ties were also chosen as supports for cellulase immobilization.
It should be noted that such modification on diverse supports
is not normally possible, because each membrane requires a
bespoke modification process; however, the generality of our
carbene surface modification methodology makes such a study
feasible. The carbene surface modification methodology via
bis(diaryldiazomethane) was applied to them all, followed by
cellulase capture, and characterization of the properties of the
immobilized enzyme was made (ESLf Fig. S5). From the
enzyme loading capacity, enzyme activity and reusability
results, we found that the choice of supporting material is very
important. In all cases, physisorption of pristine materials were
used as the control: the highest loading of ~23 mg g~ support
was obtained for modified GF membrane as shown in Fig. 7a
using Bradford assay. Interestingly, a lower enzyme loading
capacity is observed for all the materials modified with the
glycol spacer (Fig. 7a), and this might arise from the partially
hydrated mobile ethylene glycol moieties in the spacer imped-
ing the binding of cellulase, which is consistent with the
observation that polyethylene glycol coating decreases the
adsorption of protein.**?>

For GF membrane, all the immobilized enzymes retained
more than 40% enzyme activity compared to the free cellulase,
with little difference in activity among the three GF membrane-
based supports. For the relative enzyme activity on other
supports (ESI,T Fig. S5), generally more than 20% of free
enzyme activity was preserved for covalently bonded enzyme,
while enzyme immobilized on supports containing spacer
(S-carbene-spacer-N,") showed the highest activity compared
to other kinds of support (although PTFE membrane is an
exception). This is probably because adding spacers onto the
surface reduces undesired interactions between the enzyme
and support, enhancing hydration and minimizing steric
hindrance.**?*”

The reusability for cellulase immobilized on GF membrane
(Fig. 7c and four other supports in Fig. S5c-f, ESIf) was
examined; it was found that for cellulase physisorbed on GF
membrane, a large drop of 80% was observed over 3 cycles,
presumable due to the ready leaching of cellulase from the
support, while for cellulase covalently bonded to GF-carbene-
N,"*, 85% of the initial activity was retained after 6 cycles, and
for cellulase immobilized onto GF-carbene-spacer-N,*, 73% of
initial activity was retained after 6 cycles (Fig. 7c). Although the
use of inorganic glass materials for enzyme immobilization has
been investigated for decades, and various enzymes have been
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w =50 mg/mL

GF-carbene-N,*

Fig. 6 Visualization of FITC-labelled surface using confocal microscope: (a) pristine GF membrane, (o) GF-carbene-N,* with w = 5 mg mL™* and
50 mg mL™%, (c) schematic illustration of FITC with cellulase, (d) GF-carbene-N=N-cellulase with w = 5 mg mL~* and 50 mg mL™™%.

38749 entrapment,* ionic

immobilized either via adsorption,

binding** or covalent via initial activation with silanes,*™*> a
strategy using a bis(diarylcarbene) modification offers a differ-
ent platform to the well-developed silyloxy linking strategy for
glass, and a glass fiber surface for cellulase immobilization has
never been before reported. Compared with the other surface-
modified materials in our work, cellulase on modified GF
membrane shows superior reusability, making it of particular
interest for industrial application. The good reusability of
cellulase immobilized on GF membrane probably arises from
multiple factors. Firstly, fibers permit higher accessibility of
substrate to enzyme compared to beads, for which enzymes can
be entrapped in pores which limits diffusion through the
substrate. Secondly, glass fibers in the micro- to nano-scale
have a higher surface area compared to glass wool, affording
5 times higher enzyme loading. Also noteworthy is that sup-
ports with spacer (Fig. 1, GF-carbene-spacer-N—N-cellulase) do
not actually improve the reusability of immobilized cellulase
significantly compared to the supports without spacer (Fig. 1,
GF-carbene-spacer-N—N-cellulase).

As compared to other studies of enzyme immobilization,
Table S5 (ESIT) summarizes the main performance parameters
of immobilized cellulase through covalent bonding. The high-
est enzyme loading is 575 mg g ' support using magnetic
nanoparticle (GO@Fe;0,@4arm-PEG-NH,),*® the highest
enzyme activity retained was 93.5% using magnetic halloysite
nanotubes,” the highest enzyme reusability was 97% after 10
cycles using clay-poly(glycidyl methacrylate) composite,*” and
all these three utilized glutaraldehyde for covalent bonding
with cellulase. Though our approach does not have advantage
against only one of these parameters (enzyme loading, retained

2384 | J Mater. Chem. B, 2023, 11, 2377-2388

activity and reusability), the immobilized enzyme has excellent
recyclability and reusability on GF membrane support, which is
commercially available, cost effective, easy to handle, and quick
to modify with a mild diazonium coupling. Therefore, carbene
modified GF membrane offers a viable alternative for immobi-
lizing enzyme and realizing effective enzyme immobilization on
a wide range of materials offers the opportunity for new
approaches in bioengineering.

3.3.2 Optimization of surface conditions for enzyme
immobilization. From a consideration of loading, activity and
reusability of immobilized cellulase on different supports, GF
membrane emerged from this study as the optimal support for
cellulase immobilization. Although recent work has developed
a detailed protocol for the optimization of enzyme immobiliza-
tion for engineering applications,*®*® we chose to focus on the
degree of surface grafting and effect of spacer on surface
modification for GF membrane in more detail.

The effect of the density of surface grafting was investigated
by varying the concentration of bis(diaryldiazomethane)
reagent to modify the GF membrane, and both enzyme loading
capacity and enzyme activity were measured (Fig. 7d). Since
more covalent binding points for cellulase are created when
bis(diaryldiazomethane) concentration w increases from 0 to
50 mg mL ™", cellulase loading increases and reaches the highest
value at w = 20 mg mL ™" for GF-carbene-N=N-cellulase. This
cellulase loading result was consistent with the XPS analysis for
the formation of -N—N- during cellulase immobilization, with
the highest cellulase loading at w = 20 mg mL ™' corresponding
to the highest peak area for deconvoluted -N=—N- (Table S3,
ESIT). However, the highest enzyme loading, the lowest enzyme
activity was obtained at w = 20 mg mL ™', The same trend goes

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 Histograms of (a) enzyme loading capacity for cellulase on different GF membranes; (b) relative cellulase activity on different GF membranes;
(c) reusability plot of cellulase on GF membrane and modified surface (50 °C, 50 puM acetate buffer, pH 4.8, 30 min). (d) Enzyme loading capacity and
relative enzyme activity for cellulase on GF supports without (GF-carbene-N=N-cellulase) and with spacer (GF-carbene-spacer-N=—N-cellulase) at
different bisdiazo concentration. (e) Retained activity for cellulase on GF supports without spacer (GF-carbene-N—N-cellulase) at different bisdiazo
concentration. (f) Retained activity for cellulase on GF supports with spacer (GF-carbene-spacer-N=N-cellulase) at different bisdiazo concentration.

for the surface with spacer (GF-carbene-spacer-N—N-cellulase),
where the lowest cellulase loading at w = 50 mg mL ™" gave the
highest relative enzyme activity (~93%). This outcome clearly
shows that higher enzyme loading can correlate with lower
enzyme activity, which is consistent with literature'®*” and
probably is mainly due to steric hinderance for both the
immobilization process and the diffusion of substrate during
enzyme activity measurement. On the other hand, the degree of
surface grafting does not significantly influence enzyme reusa-
bility in both the absence and presence of spacer. The activity of
physisorbed cellulase (GF-cellulase, w = 0) decreases signifi-
cantly after 3 cycles, while the activity of covalently bonded
cellulase is retained at more than 91% for surface without

This journal is © The Royal Society of Chemistry 2023

spacer (GF-carbene-N—N-cellulase), and more than 79% for sur-
face with spacer (GF-carbene-spacer-N—N-cellulase) regardless of
the value of w. In general, the lowest bis(diaryldiazomethane)
concentration (w = 5 mg mL ') for GF membrane modification
and enzyme immobilization seems to be the optimal choice, which
is particularly helpful for cost effectiveness of the surface mod-
ification process.

The addition of a spacer to the support surface has been
reported to increase the activity of immobilized enzyme,>”*%>°
and we similarly found that the relative enzyme activity for the
support with spacer (GF-carbene-spacer-N—N-cellulase) is 1.3
to 2.7 times higher than support without the spacer (GF-
carbene-N—N-cellulase) (Fig. 7d). Such an increase in activity

J. Mater. Chem. B, 2023, 11, 2377-2388 | 2385
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likely arises by a decrease in steric hinderance between cellulase
molecules at the surface and increase of the mobility and hydration
of covalently bonded cellulase and its substrates, even though the
glycol moieties of the spacer lead to a lower overall enzyme loading.
On the other hand, interestingly, the retained activity during
reusability testing for surface with spacer was always lower than
for surface without spacer (Fig. 7e and f), and this is probably
caused by the lower cellulase loading and higher enzyme activity
which leads to denaturing and fouling during reuse of all the
immobilized enzyme. Therefore, for cellulase immobilization on a
bis(diaryldiazomethane) modified surface, the spacer does neither
plays a crucial effect, nor is necessarily needed for improving
immobilized cellulase properties. This is a major advantage of
our protocol and simplifies the immobilization process.

4. Conclusion

In this study, it has been demonstrated that the surface
modification using a reaction platform relying upon biscarbene
insertion allows the covalent binding of enzyme on several
substrates. The immobilization of cellulase on GF membrane
particularly has been demonstrated by changes of wetting
ability from hydrophobic for diazonium surface to hydrophilic
for enzyme immobilized surface, along with fluorescence as
observed by confocal microscopy. Moreover, high resolution
XPS of N 1s proved the existence of N—=N formation during
enzyme immobilization and C 1s showed the deconvoluted
peak of C—=O from cellulase, proving that enzyme had been
covalently attached at the surface. Importantly, using this
approach, there are sufficient points of chemical attachment
at the surface that binding of the enzyme, cellulase, is detect-
able and the method is sufficiently mild that enzyme activity is
retained. Enzyme-modified GF membrane is robust and can be
reused over more than 6 cycles, retaining high levels of activity.
This work clearly shows that commercially available glass fiber
membrane, among other readily available materials, and its
surface modification via bis(diarycarbene), proves to be an
effective platform for fundamental studies of enzyme immobi-
lization and validates this approach for the direct immobiliza-
tion of other enzyme and proteins with industrial application.
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