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1. Synthetic procedure of bis(diaryldiazomethane) and spacer

Synthesis of 1,3-bis(diazo(4-phenoxyphenyl)methyl)benzene was adapted from work done 

previously and Figure S1 shows the synthetic route.1 Synthetic route of spacer was shown in Figure 

S2, and the detailed procedure can be found in previous report.2 
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Figure S1. synthetic route for 1,3-bis(diazo(4-phenoxyphenyl)methyl)benzene.
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Figure S2. synthetic route for dianiline derivative and spacer.

2. Surface modification procedure

In this study, five different materials-XAD4 (polystyrene bead), MAC3 (polyacrylate bead), glass 

wool, glass fiber (GF) membrane, and PTFE membrane-were selected for surface modification. 

They are all commercially available, either in bead or fiber form, and our modification approach 

utilized previous reported methodology.1,2 

2.1 S-carbene-NH2 formation

The bis(diaryldiazomethane) was fully dissolved in DCM (20 mg/mL), the material S (For support 

S = XAD4, MAC3 and glass wool, 400 mg support was immersed in 5 mL DCM, for support S = 



GF membrane and PTFE membrane, 1 piece was immersed in 1 mL DCM) was added to the solution 

and DCM was evaporated slowly and with care in vacuo. The resulting mixture was then heated at 

120 °C for 30 min unsealed. A change in color of the material indicated a successful surface 

modification. The material was then washed with a copious amount of DCM until no colour was 

seen to be washed out and were dried in a sintered funnel to yield the carbene modified surface S-

carbene-NH2.

2.2 S-carbene-N2
+ formation

S-carbene-NH2 (100 mg or 1 piece for membrane) was added in a conical flask, 0.5 mL ethanol 

was added, and the mixture was cooled with ice/water bath. Add HCl (63.5 μL 3M) into the flask 

and left for 1.5 hr whilst occasionally swirling the vial. NaNO2 (8 mg) was dissolved in water (0.25 

mL) and added to the cooled mixture. The flask was then left to stand for 4 hr whilst occasionally 

swirling. The diazonium surface S-carbene-N2
+ was then used in situ immediately. 

2.3 S-carbene-spacer-N2
+ formation

To a 4 mL ethanol/water (1:1) mixture, dianiline derivative (4,4'-(((ethane-1,2-

diylbis(oxy))bis(ethane-2,1-diyl))bis(oxy))dianiline) (83 mg, 0.25 mmol, 1 eq) was added and 

cooled with ice/water bath. HCl (0.67 mL, 3M) was added and stirred for 5 min, NaNO2 (75.9 mg, 

2.2 eq) in 2 mL H2O was added and stirred for 30 min, meanwhile, the reaction mixture turned to 

purple. 2 mL reaction mixture was taken out and directly added into a conical flask with M-carbene-

NH2 (100 mg or one piece for membrane). The mixture was then left to stand for 18 hr whilst 

occasionally swirling and the diazonium surface S-carbene-spacer-N2
+ used in situ for enzyme 

immobilization.



3. Surface energy results

Surface energy for immobilized enzyme surface was studied. Contact angle went zero quickly using 

both water and diiodomethane, so the contact angle was taken when the liquid was first in contact 

with surface. For membrane, the contact angle was a balance between porosity and surface chemical 

properties, so the relation between w and surface energy was not straightforward.

Table S1. contact angle and surface energy for immobilized cellulase surface for modified 

Membrane (˚)
𝜃𝐻2𝑂 (˚)𝜃𝐷𝐼𝑀  (mN/m)𝛾𝑆  (mN/m)𝛾𝐷𝑆  (mN/m)𝛾𝑃𝑆

GF-cellulase 17.1±2.8 25.8±1.4 73.0±1.8 9.2±0.3 63.8±1.5

GF-carbene-N=N-cellulase-5 mg 65.6±12.5 26.8±12.1 36.9±15.4 15.7±3.8 21.3±11.6

GF-carbene-N=N-cellulase-20 mg 52.5±7.9 20.2±11.3 47.1±10.3 14.2±2.3 32.9±8.0

GF-carbene-N=N-cellulase-50 mg  71.6±4.9  27.2±2.5 33.1±5.9 17.0±1.2 16.1±4.2

    

4. XPS for GF membrane series

XPS measurement of different glass membrane surfaces with w = 20 mg/mL were compared, with 

the full scans and narrow scans of C 1s, N 1s, O 1s, Si 2p and S 2p shown in Figure S3. An ~0.5 eV 

shift of the Si 2p peak was observed when the bare GF membrane was modified with 

bis(diarylcarbene), as shown in Figure S3e, the drastic decrease of Si 2p peak indicating the 

embedding of Si with bis(diarycarbene) molecules. After further modification with spacer or 

enzyme immobilization, Si 2p signal gradually vanished. Peak deconvolution of C 1s and N 1s 

spectra was done with Thermo advantage software and a calculation of the deconvoluted peaks were 

summarized in Table S2 and Table S3.



Figure S3. Full scan and High resolution C1s, N 1s, O 1s, Si 2p and S 2p XPS spectra for surfaces of 
GF membrane series.

Table S2. Surface elemental (atom%) components determined by high resolution C 1s spectra after 
peak deconvolution.

After deconvolution (atom%)
Surface information

C-C C-O C=O
C-O/C-C

GF membrane 5.8 5.12 0.44 0.882759



GF membrane-cellulase 10.6 5.53 6.95 0.521698
GF-carbene-N2

+ 62.72 16.46 0 0.262436
GF-carbene-N=N-cellulase 30.39 18.63 13.73 0.613031
GF-carbene-spacer-N2

+ 28.64 45.86 0 1.601257
GF-carbene-spacer-N=N-cellulase 31.38 26.39 10.36 0.840982

Table S3. Surface elemental (atom%) components determined by high resolution N 1s spectra after 
peak deconvolution.

After deconvolution (atom%)
Surface information

-NH- -N=N-
N=N/NH

GF-cellulase 0.38 0 0
GF-carbene-N=N-cellulase-5 mg 10.52 3.48 0.33
GF-carbene-N=N-cellulase-20 mg 9.29 7.28 0.78
GF-carbene-N=N-cellulase-20 mg 11.66 4.02 0.34

5. Surface morphology comparison of cellulase on GF modified membrane at 

different concentration w

The surface morphology of bis(diarylcarbene) modified GF membrane at different w had been 

reported in previous literature.2 As can be seen from the SEM images in Figure S4, as the 

concentration w increases from 0 to 50 mg/mL, more fibers are welded by film joints due to 

polymerization and cross-linking of bis(diarycarbene) for both GF-carbene-N=N-cellulase and 

GF-carbene-spacer-cellulase. The attachment of cellulase does not change the connection but 

make the surface rougher with aggerated cellulase observed at higher magnification indicated in the 

main text. Note: each SEM image is obtained from an individual piece membrane, the area spotted 

for SEM imaging is randomly selected, and the morphology at the same concentration of w may 

look different is due to the non-uniformity of the membrane in microscale, but the trend of w 

increasing from 0 to 50 mg/mL was comparable.



Figure S4. SEM images of cellulase on modified GF membrane at w = 0, 5, 20 and 50 mg/mL.

6. Immobilized enzyme properties

As shown in Figure S5a, the pristine XAD4 beads gave the highest enzyme loading, while the 

modified ones exhibited significantly lower loading. This may be attributed to the higher surface 

area of pristine XAD4 (864.6 m2/g, see Table S4) than that of modified beads (526.8 m2/g for 

XAD4-carbene-NH2), for which pores become blocked or narrowed by the crosslinking carbene. 

MAC3 beads also showed a similar trend as that of XAD4, with highest enzyme loading on 

unmodified beads. While BET analysis shows the surface area of pristine MAC3 beads (18.2 m2/g, 

Table S4) is much lower than that of XAD4, the enzyme loading capacity by using MAC3 beads is 

around 7 times higher than that by XAD4, and the most likely reason is that the carboxyl groups on 

the MAC3 surface allow for strong non-covalent interactions (i.e., hydrogen bonding and 

electrostatic interactions) with cellulase enhancing the enzyme adsorption. Since XAD4 and MAC3 

are both in bead format, their trend for enzyme loading on changing from pristine to modified forms 

without and with spacer are the same. 

For glass wool, GF and PTFE membrane, the highest loading capacity is for S-carbene-N2
+; these 

materials are fibrous, probably enabling better contact of enzyme with diazonium salt during 



immobilization, and facilitating the azo coupling reaction, with the highest loading obtained for 

modified GF membrane.

The immobilized enzyme activity was shown in Figure S5b, for XAD4, although the enzyme 

loading on the beads is the lowest compared to other materials, very high activity for the supported 

material with spacer (S-carbene-spacer-N2
+) was found. The trend in Figure S5b clearly shows that 

covalently bonded cellulase has a higher activity than physisorbed cellulase, which is probably due 

to the decrease in steric hinderance for the substrate-cellulase interaction, allowing better diffusion. 

For MAC3, the trend in cellulase activity is opposite to their loading capacity, so that the higher 

loading of cellulase on the support surface leads to a higher probability of conformational change 

induced by strong non-covalent interaction3 or non-accessibility of enzyme by overlapping and 

aggregation.



Figure S5. Histograms of a) enzyme loading capacity for different supports; b) relative enzyme activity 
on different supports; Reusability plot of cellulase on c) XAD4 and modified surface; d) MAC3 and 
modified surface; e) glass wool and modified surface; f) PTFE membrane and modified surface. (50 oC, 
50 μM acetate buffer, pH 4.8, 30 min).

The BET surface area was calculated from the BET plot, due to the solidity of glass wool, glass 

fiber membrane and PTFE membrane, its BET surface area was lower than 10 m2/g. 



Table S4. BET surface area data of bare materials.

Materials XAD4 MAC3 Glass wool GF membrane PTFE membrane

Surface area(m2/g) 864.6 18.2 6.8 2.4 2.9

Confirmation of cellulase on surface was also down by direct treating membrane with Bradford 

agent. As demonstrated in Figure S6, membrane with cellulase has obvious color change  after 

adding Bradford agent. However, this experiment only proved the existence of cellulase on surface 

but not covalent bonding of cellulase on surface.

Figure S6. Membrane before and after reaction with Bradford agent for 10 min.

7. Comparison of current work with previous reports

Here, Table S5 summarizes the recent reports related to covalent bonding with cellulase. It should 

be noted that to judge the effectiveness of a method, specific conditions like support availability, 

type, covalent binding agent, cellulase loading, retained activity and reusability should all be taken 

into consideration. For example, the retained activity in our work is lower compared with these lab-

prepared nano and micromaterials, which is to be expected since they provide much higher surface 

area. Compared with other commercial materials in Table S5, although our retained activity is not 



the highest, its reusability is the best. Furthermore, compared with commonly used glutaraldehyde, 

covalent binding via diazonium is not commonly used but diazonium can specifically bind with 

tyrosine groups and does not need lysine residues as required for glutaraldehyde linking.

In addition, the use of glass material as a support for enzyme immobilization is summarized in Table 

S6. In these papers, adsorption was the major technique for enzyme immobilization, while for 

covalent binding, silanization followed by glutaraldehyde was the process commonly used. 

Bisdiarylcarbene modified glass fiber proved to be a good support compared with other modified or 

unmodified glass material with high enzyme loading and reusability, and with a fully novel 

immobilization mechanism.



Table S5. Supports, covalent bonding agent, cellulase loading, activity and reusability summary of current work and other report.

No. Support 
type

support availability covalent binding
cellulase 
loading

Retained 
activity

reusability ref

1
GF membrane

Commercial
(recyclable)

bis(diarylcarbene)
23

mg/g support
40% 91% after 6 cycles

This 
work

2 poly(vinyl alcohol) PVA
membrane

commercial glutaraldehyde
11.4%

(efficiency)
65% 36% after 6 cycles 4

3 polyacrylonitrile (PAN) 
membrane

commercial amidination
30

mg/g support
64% 40% after 5 cycles 5

4

membrane

acrylamide grafted PAN 
membranes

Lab prepared glutaraldehyde 35.22% 22.1% NA 6

5
graphene oxide lab prepared

P-β-sulfuric acid ester ethyl 
sulfone aniline (SESA)

4.6
mg/g support

90% 80% after 9 cycles 7

6
Polyurea (PU) microsphere lab prepared glutaraldehyde

39.2
mg/g support

77.90% 80% after 8 cycles 8

7
Fe3O4 nanoparticles lab prepared epoxy polymer

106.1
mg/g support

NA 60% after 6 cycles 9

8
silica gel commercial APTES and glutaraldehyde

18.8
mg/g support

7% 60% after 10 cycles 10

9 MTEP (terpolymers and 
Fe3O4)

lab prepared epoxy
18.36

mg/g support
48.20% 51.3% after 6 cycles 11

10

Nano and 
micro 

materials

Magnetic Halloysite 
Nanotubes

lab prepared APTES and glutaraldehyde
111.6

mg/g support
93.50% 53% after 7 cycles 12



11 MWCNTs lab prepared EDC and NHS 22.61 U/mL 98% NA 13

12 Fe3O4-NH2@4-arm-PEG-
NH2

lab prepared glutaraldehyde
132

mg/g support 
82% 50% after 6 cycles 14

13 Fe3O4@SiO2–graphene 
oxide

lab prepared Glutaraldehyde
92%

(efficiency)
85% 80% after 7 cycles 15

14 Fe3O4@SiO2@p(NIPAM-
co-GMA)

lab prepared Epoxy
233 

mg/g support
NA 65.6% after 6 cycles 16

15 Fe3O4/GO/CS lab prepared Glutaraldehyde NA 78% 49% after 8 cycles 17

16 GO@Fe3O4@4arm PEG 
NH2

lab prepared Glutaraldehyde
575 

mg/g support
NA 45% after 8 cycles 18

17 Magnetic coal fly ash 
(MCFA)-chitosan

lab prepared Glutaraldehyde
85.8 

mg/g support
76.6% 69.9% after 10 cycles 19

18
cellulase/CS/Fe3O4 lab prepared Glutaraldehyde

202.63 
mg/g support

NA 52.2% after 15 cycles 20

19 clay–poly(glycidyl 
methacrylate) composite

lab prepared Glutaraldehyde
32.7

mg/g support
73.2% 97% after 10 cycles 21

20 magnetic modified 
chitosan (MCTS)

lab prepared Glutaraldehyde
94.5% 

(effiency)
NA 90 mg/kg after 50 cycles 22

21
UiO-66-NH2 lab prepared Glutaraldehyde

126.2 
mg/g support

63.6% 70% after 5 cycles 23

22 Biochar and chitosan 
(C@CS)

lab prepared Glutaraldehyde 94.7% 67% 90.8% after 8 cycles 24

23 Kaolin commercial APTES and glutaraldehyde NA 58% 80% after 8 cycles 25

24

Other

Poly(GMA-co-EDMA) lab prepared Glutaraldehyde NA 65% 18% after 4 cycles 26

mailto:Fe3O4@SiO2�graphene%20oxide
mailto:Fe3O4@SiO2�graphene%20oxide
mailto:Fe3O4@SiO2�graphene%20oxide
mailto:Fe3O4@SiO2�graphene%20oxide


particle

25 Polymer beads (PS, PP, 
PE)

commercial Photo linker FNAB NA NA 90% after 8 cycles 27

Table S6. Current work and previous reports summary using glass materials as support for enzyme immobilization.

No. support
Immobilization 

technique
Binding agent enzyme

Enzyme 
loading

Retained 
activity

reusability storage
ref

1
Glass fiber membrane covalent Bisdiarylcarbene cellulase

23 mg/g 
support

40% 91% after 6 
cycles

NA This 
work

2
Glass fiber membrane disc entrapment Glutaraldehyde

halohydrin 
dehalogenase

0.2 mg/g 
support

62.7% NA 67% after 60 days 
at 4oC

28

3
Glass fiber membrane adsorption NA

wheat 
esterase

4.43 
mg/membrane

30% NA 91.1% after 12 days 
at 4oC

29

4
Glass fiber membrane covalent

glutaraldehyde or 
diazotization

trypsin
NA 16700 

U/mL
NA ~10000 U/mL after 

10 days
30,31

5
glass-pH-electrode

adsorption or 
entrapment

NA urease
NA 70%-90% NA 85%-90% after 4 

days
32

6
Porous glass bead adsorption

D-Amino acid 
oxidase

500 U/g 
carrier

0.25 U/mL NA NA 33

7 porous glass covalent glutaraldehyde dextranase NA NA NA 63% after 2 weeks 34



8. Kinetic and Thermal stability test for GF membrane series

The kinetic parameters for the GF membrane series were calculated from a double reciprocal plot 

as elaborated in Figure S7 and given in Table S7. Km is the CMC (carboxymethylcellulose) 

concentration when the reaction velocity is half of Vmax, indicating the affinity of enzyme to 

substrate. Vmax is the maximum reaction velocity when cellulase is saturated with CMC substrate 

and it can be constrained by a diffusion effect. 

For physically adsorbed cellulase, Km values were lower than free cellulase, which indicates higher 

enzyme affinity to substrate24,35 showing dispersed cellulase on surface for catalysis. For covalently 

bonded cellulase, Km values were higher than that of free cellulase, which indicates lower enzyme 

affinity for its substrate, unsurprisingly suggesting conformational change or other steric 

modification of cellulase after covalent bonding.36,37 The higher Vmax shows that there are more 

available active centers of enzyme. This result also shows that after adding spacer between enzyme 

and support, the affinity of immobilized enzyme to its substrate is improved.

Figure S7. Lineweaver-Burk plot of free and immobilized cellulase.

Table S7. Kinetic parameters for free and immobilized cellulase at reaction temperature 50oC and pH 
of 4.8.

Enzyme/immobilized enzyme Km (g/L) Vmax (g/L/min)



Free cellulase 17.80±3.98 0.10±0.02
GF-carbene-N=N-cellulase 54.07±11.44 0.17±0.03
GF-carbene-spacer-N=N-cellulase 38.67±5.43 0.12±0.02
GF-cellulase 8.25±0.76 0.025±0.002

The thermal stability for immobilized cellulase on GF membrane was very similar to that of free 

cellulase as illustrated in Figure S8, and that implies the interaction between immobilized cellulase 

and glass fiber membrane surface cannot prevent the conformational changes of cellulase structure 

at long high temperature exposure. However, our reusability results suggest that, recycle the GF-

carbene-cellulase after each 30 min, the retained activity of immobilized cellulase is still high. This 

gives us an instruction for future experiments and applications.  

Figure S8. Thermal stability at 50oC, pH 4.8 acetate buffer.
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