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Abstract: The immobilization of cross-linked tannase onto carboxyl-function-
alized multi-walled carbon nanotubes (MWCNT−COOH) was achieved via 
physical adsorption. Glutaraldehyde was used to cross-link the enzyme mole-
cules. Spectroscopic and morphological characterizations of the enzyme-nano-
tubes composite were carried out, which authenticated the successful adsorpt-
ion event. Enzyme composite is proven equal to, or even superior than free 
tannase, in terms of catalytic activities and stabilities, when measured under 
different thermal, pH and recycling conditions. Whilst both free and immo-
bilized tannase preparations exhibited optimum catalysis at pH 5.0 and 35 °C, 
tannase-nanotubes composite possesses better thermal stability. The immobil-
ized preparation retained 75 % of its initial catalytic activity following ten con-
secutive uses. The study demonstrated a facile method to produce catalytically 
efficient nanobiocatalyst composite for biotechnological applications. 

Keywords: MWCNT; MWCNT−COOH; nanobiocatalyst; enzyme immobiliz-
ation; enzymes stability and reusability. 

INTRODUCTION 
The initial hydrolysis of tannin is mediated by tannase (tannin acyl hydro-

lases, EC 3.1.1.20), which catalyzes the hydrolysis of ester and depside bonds 
found in tannins to release, e.g., gallic acid, catechin and glucose.1 The enzyme 
also fulfills a number of applications for different industrial sectors, such as food 
and beverages, cosmetics, as well as biological remediation. However, the role of 
tannase in the production of gallic acid is the most often highlighted. The com-
pound is a feedstock in the production of antibacterial drugs, and in the synthesis 
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of esters such as propyl gallate, an important additive and antioxidant in the food 
industry.2 

Recently, developments in nanomaterials and their applications have opened 
up numerous opportunities in the area of nanobiocatalysis.3 Carbon nanomat-
erials have been promoted as versatile supports for enzyme immobilization due 
to their small size, large surface area, mechanical and thermal stabilities.4 Enz-
yme attachment to a nanoscale support material allows for a much higher enzyme 
loading, and catalytic stability was exceedingly better than those of free enzyme.5 
Among the various nanostructured materials, such as nanoparticles, nanofibers or 
carbon nanotubes (CNT), the latter is considered markedly promising for enzyme 
immobilization.6 

Two main types of CNT namely, single-walled carbon nanotubes (SWCNT), 
and multi-walled carbon nanotubes (MWCNT) have been utilized as a support in 
enzyme immobilization.3,7 Whilst SWCNT are attractive because of their higher 
surface area/high enzyme loading capacity, MWCNT are preferred alternative 
due to their better dispersibility, environmental and health safety. MWCNT have 
been frequently reported as a popular choice of starting nanomaterial for poten-
tial developments in recent years owing to their unique properties such as bio-
compatibility, high mechanical stability, good dispersibility, and high surface-to-
volume ratio, ordered, nonporous structure, and large surface area.8 Recently, a 
wide variety of enzymes such as ferredoxin-NAD(P)+ reductase (NAhAa),9 lip-
ase,10 L-ribose isomerase,11 L-asparaginase,8 peroxidase12 and cellulase13 have 
been successfully immobilized on carboxyl-functionalized MWCNT (MWCNT– 
–COOH) for various applications. The nanobiocatalyst composites obtained are 
stable and active at a relatively high temperature, providing a unique combination 
of useful attributes such as low mass transfer resistance, as well as recycling of 
the catalyst.13 

In this study we have investigated the attachment of tannase from Aspergil-
lus ficuum to carboxyl-functionalized multi-walled carbon nanotubes (MWCNT– 
–COOH) via facile adsorption, hence its immobilization. The efficiency of 
immobilized enzyme preparation, along with its stability and reusability were 
compared to its free counterpart. 

EXPERIMENTAL 
Materials 

Carboxyl-functionalized multi-walled carbon nanotubes (MWCNT−COOH, length of 1.5 
µm×outer diameter of 9.5 nm, Cat. #755125), tannic acid, gallic acid, rhodanine, potassium 
hydroxide and tannase from Aspergillus ficuum (EC 3. 1. 1.20; ≥ 150 U g-1) were purchased 
from Sigma–Aldrich. Citric acid and trisodium citrate dehydrate were procured from Merck. 
Ultrapure water (18.2 MΩ⋅cm resistivity at 25 °C) was used to prepare buffer and reagent sol-
utions. All chemicals used are ACS reagent grade, and were used as received from the sup-
pliers.  
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Immobilization of tannase onto MWCNT−COOH 
The MWCNT−COOH (3 mg) was dispersed in 3.0 ml of 50 mM citrate buffer (pH 4.7) 

via sonication at 37 kHz frequency, and 0.8 W sonification power (Elmasonic P30H, Elma, 
Singen, Germany) for 30 min. To the suspension, 0.3 mg of tannase was added, followed by 
incubation at 25 °C for 60 min under constant shaking at 200 rpm. Subsequently, 0.18 ml 
glutaraldehyde (3 vol. %) was added to the mixture, followed by shaking at 200 rpm, 25 °C 
for 60 min. Afterwards, the suspension was centrifuged for 30 min (6153g), and the super-
natant was decanted. The unbound proteins were removed by washing with citrate buffer (pH 
4.7) for at least five times. Then, the recovered enzyme-nanotubes composite was lyophilized 
overnight, and stored at 4 °C prior to use. 

The enzyme loading efficiency was estimated as reported by Ulu et al.:8 

 ( ) i i f f

i i
Enzyme loading efficiency % 100 C V C V

C V
−=  (1) 

where Ci is the initial enzyme protein concentration (mg ml-1), Vi is the initial volume of 
enzyme solution (ml), Cf is the residual enzyme protein concentration in the total supernatant 
(mg ml-1), and Vf is the total volume of total supernatant (ml). The enzyme protein concen-
trations in solutions were measured by the Bradford assay with Bovine Serum Albumin (BSA) 
as a standard protein. 
Characterization of tannase–nanotubes composite 

Fourier transform infrared spectroscopy (FTIR, Perkin Elmer, model: Spectrum™ 400) 
in the frequency range (450−4000 cm-1) was employed to analyze the signature functional 
group signals of MWCNT−COOH and tannase-immobilized MWCNT−COOH composite 
from He–Ne laser that emits red light with a wavelength of 633 nm. Field emission scanning 
electron microscopy (FESEM, FEI, model: FEL Quanta™ 450 FEG, operating voltage 10 kV) 
and transmission electron microscope (TEM, Carl Zeiss, model: Libra® 120 FEG) operated at 
accelerating voltage of 120 kV were used to observe the fine morphologies of pristine 
MWCNT–COOH and tannase-nanotubes composite. 
Tannase assay 

Tannin hydrolysis was determined based on the formation of chromogen between gallic 
acid and rhodanine (2-thioxo-4-thiazolidinone), resulting in a colored product with strong 
absorption at λmax 520 nm according to Sharma et al.14 Tannic acid at a final concentration of 
0.075 mM was used as the substrate, and different concentrations of gallic acid were applied 
in standard calibration. One unit (U) of tannase activity is defined as 1 μmol of gallic acid 
released per min at pH 4.7 and 30 °C. 
Effects of pH and temperature on tannase activities 

The optimum temperature for free- and immobilized tannase catalysis were determined 
by performing enzyme assay at different temperatures from 20 °C to 45 °C at pH 4.7. Another 
set of experiments was also carried out to examine the effects of pH on free and immobilized 
enzyme activities (at 30 °C) in 50 mM citrate buffer at different pH, i.e., 3.5 to 5.5, and in 50 
mM phosphate buffer at different pH, i.e., 6.0 to 7.0. The ratio of enzyme activity-to-enzyme 
activity at optimal pH or temperature yields residual enzyme activity (%). 
Thermal stability of free and immobilized tannase 

Thermal stability of the free- and immobilized tannase was investigated by incubating 
the preparations at different temperatures (30, 40, 50, 60 and 70 °C) and pH 4.7 (50 mM cit-
rate buffer) for 60 min in the absence of enzyme substrate. After 60 min, the residual tannase 
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activities were determined. The relative activities of the free and immobilized tannase without 
incubation were considered to be 100 %. 
Reusability of immobilized tannase 

The reusability of the immobilized preparation was evaluated according to the standard 
assay conditions. After each cycle, the immobilized tannase was recovered by centrifugation 
(6153g, 30 min). The pellet was washed thrice with assay buffer before the subsequent cycle. 
For the consecutive successive cycles, the immobilized preparation was resuspended in a fresh 
substrate solution, and the reaction was carried out as described earlier. The activity of the 
immobilized preparation in the first cycle was considered to be 100 %. 
Statistical analysis 

All experiments were performed in triplicates. The data obtained were expressed as mean 
± standard deviation. Microsoft Office Excel (Microsoft Corporation, USA) was used to 
calculate the means and standard deviations, and graph plotting. 

RESULTS AND DISCUSSION 
The enzyme loading efficiency 

In this study, 0.1 mg of MWCNT−COOH was found efficient for the immo-
bilization of 0.1 mg tannase via adsorption mechanism with the protein loading 
efficiency of 81 % under the experimental conditions used. 
Fourier transform infrared spectroscopy (FTIR) 

From Table I, for MWCNT−COOH, the signal peaks at 1740 and 2922 cm–1 
are due to C=O and O−H stretching of carboxylic groups (O=C−OH) from the 
side wall of the graphite structure.15 For MWCNT−COOH–tannase composite, 
signal peaks at and 1543 cm–1 are attributed to the amine C−N stretching and 
amine N−H bending lend support that tannase enzyme was successfully attached 
to the MWCNT−COOH carrier,10 presumably via non-specific interactions inv-
olving hydrogen bonding and van der Waals forces between the amino acids of 
the enzyme and MWCNT−COOH carrier. Stable non-specific, multipoint inter-
actions between tannase molecules and MWCNT–COOH are hypothesized to 
minimize enzyme conformational changes hence preventing the distortion of its 
active site. 

TABLE I. Signal assignments for: a) pristine MWCNT−COOH and b) MWCNT−COO–tan-
nase composite 
Sample Frequency, cm-1 Functional group 
MWCNT−COOH  1740 C=O stretching 

2922 O−H stretching 
MWCNT−COOH-tannase 
composite  

1168 Amine C−N stretching 
1543 Amine N−H bending 
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Morphologies of MWCNT−COOH and tannase-immobilized MWCNT−COOH 
Figs. 1 and 2 show the FESEM and TEM micrographs of the MWCNT– 

–COOH and tannase-immobilized MWCNT−COOH, respectively. As shown in 
Fig. 1a, the MWCNT−COOH sample exhibits a distinct, smoother strands of 
tubes. On the other hand, for tannase-immobilized MWCNT−COOH sample 
(Fig. 1b), the morphology is in contrast to pristine MWCNT−COOH, which indi-
cates successful deposition of the enzyme molecules onto the carbon nanotubes. 
The observed increase in thickness dimension of the strands of the enzyme–nano-
tubes composite sample (Fig. 2b) compared to MWCNT−COOH sample (Fig. 
2a) is ascribed to the adsorption of tannase onto the outermost wall of MWCNT– 
–COOH. These morphological characteristics bear strong resemblance to the 
images reported in the previous study of lipase enzyme immobilization on 
MWCNT–COOH.15 

   
 (a) (b) 

Fig. 1. FESEM micrographs of the MWCNT−COOH: a) before and b) after tannase 
immobilization. 

   
 (a) (b) 

Fig. 2. TEM micrographs of the MWCNT−COOH: a) before and b) after tannase 
immobilization. The increased thickness of the carbon nanotubes is due to deposition 

of enzyme molecules onto outermost wall via physical adsorption. 
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Optimum pH and temperature for free and immobilized tannase  
Fig. 3 shows the effect of pH on the relative activities of free and immobil-

ized tannase. The enzyme activities were highest at pH 5.0 for both free and 
immobilized preparation, hence, 5.0 is the optimum pH value. Immobilized tan-
nase showed no observable alteration in its optimum pH and shared a similar 
pH-activity profile with its free counterpart. The finding is in general agreement 
to the previous study, i.e., identical optimum pH at 5.0 for both free and immo-
bilized tannase obtained from Aspergillus ficuum.16,17 In contrast, Li et al.18 rep-
orted that the optimal pH value for immobilized tannase (pH 4.5) was lower than 
that of the free tannase (pH 5.5) when sourced from A. niger. 

The effects of temperature (20−45 °C) on the free and immobilized enzyme 
activities were studied in 50 mM citrate buffer (pH 4.7, Fig. 4). Both free and 
immobilized preparations showed identical optimum temperature at 35 °C. Although 

 
Fig. 3. Effects of pH on the enzyme activities. Square marker refers to the immobilized 

enzyme preparation while circle marker to free tannase. 

 
Fig. 4. Effects of temperature on the enzyme activities. Square marker refers to 

immobilized enzyme preparation while circle marker to free tannase. 
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temperature profiles of immobilized enzyme exhibited similar trend to those of 
free enzyme, significantly higher relative activities were observed for immobil-
ized preparation over the temperature range studied. Similar observation was rep-
orted where free and immobilized A. ficuum tannase exhibited the same optimal 
temperature after immobilization onto pristine MWCNT.16 It has been reported 
that immobilization may not necessarily alter the optimum temperature of tan-
nase catalysis.18,19 
Thermal stability of free and immobilized tannase 

Fig. 5 shows the effect of temperature on the stability of the free and immo-
bilized tannase preparations. The immobilized tannase preserved over 60 % of its 
initial activity while its free counterpart lost half its initial activity after incub-
ation for one hour at 60 °C. It is clear that immobilization provides a more ther-
mally-stable enzyme preparation compared to free tannase. Similar results were 
observed for tannase from A. tubingensis when immobilized onto carboxyl-func-
tionalized super-paramagnetic ferroferric oxide particles,19 and also tannase from 
A. ficuum immobilized onto pristine MWCNT nanocomposites.16 The immobil-
ization had put a restriction on the enzyme molecule conformational mobility, 
thus reducing the likelihoods of thermal-mediated deactivation of the enzyme.20 

 
Fig. 5. Thermal stabilities of the free- and immobilized tannase preparations. Square marker 

refers to immobilized enzyme preparation while circle marker to free tannase. 

Reusability of the immobilized tannase 
The tannase-immobilized MWCNT–COOH composites retained residual 

activity above 75 % following ten batches of consecutive reactions (Fig. 6), 
whereas tannase immobilized onto pristine MWCNT recorded significantly lower 
residual activity at 34 % after ten cycles.16 In other study, L‑asparaginase-immo-
bilized MWCNT−COOH doped calcium-alginate beads retained only 37 % of its 
initial activity after ten successive catalytic cycles.8 From the results, it can be 
concluded that tannase is far more stable when immobilized onto the MWCNT– 
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–COOH surface compared to the single use, free enzyme, which opens up a wide 
possibilities for practical applications of tannase in the future.  

Since tannase adsorption onto the MWCNT–COOH is exclusively due to 
non-specific interactions such as hydrogen bonding and van der Waals, it is 
highly likely that enzyme leakage, over the combined course of applications and 
washing steps, is responsible for the observed minor losses of activities during 
consecutive uses of the immobilized enzyme preparation (Fig. 6). Such occur-
rence is not uncommon, and almost certain to ensue in the case of physical ads-
orption of an enzyme to a solid support compared to when an enzyme is cov-
alently coupled to the support. Nonetheless, the observed loss is rather negligible 
for each cycle relative to its precursor. 

 
Fig. 6. Reusability of tannase-immobilized MWCNT−COOH preparation. 

CONCLUSIONS 

This study shows that tannase from Aspergillus ficuum was successfully 
immobilized onto carboxyl-functionalized MWCNT via the physical absorption 
method. The immobilized preparation exhibits identical optimum pH and tem-
perature with its free counterpart with the exception of better thermostability. The 
facile immobilization also allows for catalytic reusability up to ten consecutive 
cycles with minor reduction in activity. Potentially wide applications for nano-
biocatalyst, with such attributes, are envisaged. 
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И З В О Д  

АДСОРПЦИЈА ТАНАЗЕ ИЗ Aspergillus ficuum НА ВИШЕСЛОЈНЕ УГЉЕНИЧНЕ 
НАНОЦЕВИ СА КАРБОКСИЛНИМ ГРУПАМА 

MATTHEW RAJ ALIAS1, CHONG-BOON ONG1 и MOHAMAD SUFFIAN MOHAMAD ANNUAR2 

1School of Science and Psychology, Faculty of Arts and Sciences, International University of Malaya-Wales, 
50480 Kuala Lumpur, Malaysia и 2Institute of Biological Sciences, Faculty of Science, Universiti Malaya, 

50603 Kuala Lumpur, Malaysia 

Имобилизација умрежене таназе на мултићелијске угљеничне наноцеви са карбок-
силним групама (MWCNT−COOH) је постигнута физичком адсорпцијом. Глутаралдехид 
је коришћен за умрежавање молекула ензима. Спектроскопска и морфолошка каракте-
ризација композитног материјала ензима и наноцеви је потврдила успешну адсорпцију. 
Ензимски композит се показао једнаким или бољим од слободне таназе у смислу ката-
литичке активности и стабилности, под различитим температурним, pH и условима ре-
циклирања. Иако слободна и имобилизована таназа испољавају оптималне каталитичке 
особине на pH 5,0 и 35 °C, композит таназе и наноцеви има већу термалну стабилности. 
Имобилизовани препарат задржава 75 % почетне каталитичке активности након десет 
узастопних примена. У раду је приказан једноставан метод за производњу каталитички 
ефикасног нанобиокатализатора за биотехнолошку употребу. 

(Примљено 21. новембра 2022, ревидирано 3. јануара, прихваћено 1. марта 2023) 
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