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Abstract 

In the present study, Multiwalled carbon nanotubes (MWCNT) decorated with 

two different nanoparticles namely tungsten disulfide (WS2) and tin oxide (SnO2), 

nanocomposites (NCs) were synthesized via hydrothermal methods. 

Spectroscopic studies showed that both synthesized NCs possess nearly same 

functional groups but MWCNT-SnO2 NCs are rich in O-functional group. 

Microscopic studies revealed that both NCs have different morphological 

microstructure. Lens culinaris β-galactosidase (Lcβ-gal) was immobilized using 

glutaraldehyde cross-linker resulted in immobilization efficiency of 91.5% and 88 

% on MWCNT-WS2 and MWCNT-SnO2 NCs, respectively. Remarkable increase 

in rate of hydrolysis of whey lactose has been observed with both NCs i.e. Lcβ-

gal immobilized MWCNT-WS2 hydrolyzes the 97% whey lactose in 1.5 h while 

MWCNT-SnO2 showed maximum 92% of whey hydrolysis in 2 h at optimum 

condition. Both nanobiocatalyst could serve as a promising candidates for dairy 

industries and would offer a potential platform for enzyme based biosensor 

fabrication. 

 

 

 

1. Introduction 

Nowadays, enzymologist have shown their exceptional interest in enzyme 

catalysis because of their diverse applications in various fields such as food 

industry [1], textile [2], paper pulp [3], cosmetics [4], fine chemical synthesis [5], 

and pharmaceuticals industries [6, 7] etc. Major advantage of enzyme catalysis is 
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that it plays a crucial role towards green and sustainable industrial development 

[8, 9]. But, soluble enzymes possess some serious drawbacks that limits their 

applications such as they are extremely sensitive to industrial conditions like 

higher temperature, pH variations, shearing forces, and organic solvents, which 

affects their bioconversion efficiency as compared to in vivo conditions [10, 11].  

Immobilization technology provides a potential platform to re-engineer the 

biocatalyst with enhanced properties which tremendously increases the thermal 

stability, broadens the operational pH and temperature working range, boosts 

resistance to various organic solvents and also prevents product inhibition etc. 

Apart from these properties, it also increases the reusability of the expensive 

biocatalyst which allows simplistic separation of products from reaction mixture 

[12, 13]. 

Nanotechnological approach to immobilize biocatalyst on diverse scaffolds such 

as graphene, graphene oxide, iron oxide, carbon nanotubes, and nanowire has 

gained momentum because of their widespread applications in the field of 

biomedical engineering, tissue engineering, drug delivery [14], gene therapy [14], 

and biosensor technology [15, 16]. Recently, carbon nanotubes (CNTs) and many 

other two dimensional (2D) transition metals such as tin oxide (SnO2), tungsten 

disulfide (WS2), molybdenum disulfide (MoS2), and manganese dioxide (MnO2) 

have grabbed attention due to their high chemical and mechanical stability, large 

surface area, biocompatibility and enhanced electrical properties [17, 18]. In the 

past, our laboratory explored nanomaterials such as graphene nanosheets [19], 

MoS2 nanosheets [20], iron oxide, and graphene oxide [21] with successful 
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immobilization of enzymes onto them. But, these 2D nanomaterial showed some 

shortcomings such as poor solubility in water and buffers, and often tend to 

aggregate due to their high active surface area which further reduced the surface 

to volume ratio and hence reduces enzyme loading capacity [22]. Furthermore, 

aggregation of 2D nanomaterial leads to structural deformation, resulting in 

reduced electrical conductivity [22].  

Three dimensional (3D) nanocomposites have emerged as a solution to conquer 

the inadequacies associated with these nanomaterials. 3D nanocomposites have 

been synthesized in which CNTs were incorporated in between 

nanoparticles/nanorods to prevent the alteration in volume change. Recently, we 

have successfully immobilized β-galactosidase onto MWCNT-MoS2 

nanocomposite with immobilization efficiency of 93% [23]. Asmat and Husain 

[24] have successfully fabricated various nanocomposites such as nanocellulose 

fused polypyrrole/graphene oxide nanocomposites, poly(o-toludine) 

functionalized nanocomposites [25], polyamine grafted MWCNTs impregnated 

with cobalt [26], and polyprrole-methyl anthranilate functionalized worm like 

titanium oxide [27] for immobilization of lipase. In all the cases, exquisite 

stability and catalytic performance was observed. These nanocomposites contain 

porous network structure, which provide larger surface area for attachment of 

biocatalyst and also facilitates the diffusion of substrate to the enzyme and release 

of product. These nanocomposites due to their excellent electrical property are 

more acquiescent for fabrication of biosensor for sensitive detection and 

recognition of different biomolecules.  
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β-Galactosidases (EC.3.2.1.23) also known as lactases are well-known for the 

hydrolysis of lactose sugar present in milk and other dairy products [28]. Milk and 

dairy products are essential component of human diet but when the  consumption 

of milk exceeds over the residual activity of β-galactosidase left in small intestine 

where undigested lactose passes in large intestine and fermented by colonic 

microflora causing several symptoms like abdominal pain, loose stool, nausea etc. 

[28, 29]. According to a report, lactose intolerance prevails about 70% of world 

population. Therefore, lactose intolerant people are advised to take lactose 

reduced or lactose free dairy products. Hydrolytic property of β-galactosidase has 

been exploited by dairy industry as a solution for the production of lactose 

free/reduced dairy products [29, 30]. However, it also unravel the problem of 

formation of ice crystals in dairy products (ice cream) by addition of β-

galactosidase and subsequently, it also enhances the sweetness and flavor of dairy 

products [31, 32]. It also owns the property of recycling the waste of cheese 

industry by bioconversion of whey in ethanol, and other value added products. 

Transgalactosylation property of β-galactosidase has been utilized by dairy 

industries in production of Galacto-oligosaccharides (GOS) which is of great 

biotechnological implications [33]. GOS act as prebiotic which help in 

maintaining the microflora of intestine and improve the immune system. The 

tremendous industrial applications of β-galactosidase has motivated us to choose 

this enzyme and followed by its immobilization onto nanocomposites (NCs) such 

as multiwalled carbon nanotubes-tungsten di sulfide (MWCNT-WS2) and 

multiwalled carbon nanotubes-tin oxide (MWCNT-SnO2).  
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In present work, two different NCs i.e. MWCNT-WS2 and MWCNT-SnO2 were 

synthesized via facile hydrothermal method. β-Galactosidase from Lens culinaris 

(Lcβ-gal) was immobilized onto these nanocomposites using glutaraldehyde 

cross-linker via covalent bond formation as shown in Scheme 1. Atomic Force 

Microscopy (AFM), Field Emission-Surface Electron Microscopy (FE-SEM), 

Fourier Transformed Infrared region (FTIR), Confocal Laser Scanning 

Microscopy (CLSM) have been employed for characterization of both 

nanobiocatalyst (NBCs). In both cases, Response Surface Methodology (RSM) 

has been employed to optimize various parameters to get maximum 

immobilization. A comparative study of biochemical and kinetics parameters has 

been carried out for both nanobiocatalyst (NBCs). The NBCs, could be serve as a 

promising candidate for treatment of waste produced by dairy industry, before 

discharging into water bodies. 

2.0. Experimental Section 

Tin chloride pentahydrate (SnCl4.5H2O), sodium hydroxide and iso-propyl 

alcohol were purchased from Molychem, India. Sodium tungstate dihydrate 

(Na2WO4.2H2O) and L-cysteine was purchased from Molychem, India. The 

chemical reagent used for buffer preparation throughout experiments were of 

analytical grade, and were procured from Merck Eurolab GmbH Darmstadt, 

Germany. All the chemicals used during experiments were purchased from 

Sigma-Aldrich (St. Louis, MO). Milli Q water (Millipore, Bedford, MA) with 

resistance more 18 MΩ.cm has been used throughout the experiment. Lens 

culinaris seeds were purchased from local market. 
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2.1. Enzyme extraction 

All the purification steps were performed at 4  and centrifugation was done for 

20 min at 7267×g at 4 , unless stated otherwise. 

Lens culinaris seeds (50 g) were soaked overnight in extraction buffer, 

homogenized in Waring blender in ratio of 1:2 with sodium phosphate buffer (25 

mM, pH 6.7). Thus, crude extract was purified by using published procedure [23].  

2.2. Synthesis of multiwalled carbon nanotubes-tin oxide (MWCNT- SnO2 NCs) 

MWCNTs were synthesized by using spray pyrolysis technique as described 

earlier [34]. The nanocomposite of SnO2 and MWCNT was synthesized using 

facile and eco-friendly hydrothermal method. In synthesis process, SnCl4.5H2O 

(3.5 g) was dissolved in isopropyl alcohol further 10 ml of distilled water added to 

the solution under vigorous stirring condition for 1 h. During stirring, 0.8 M of 

NaOH was added drop-wise in order to maintain the pH ~12 of the above 

solution. In the next step, MWCNT (0.5 g) was dispersed into the above solution 

and stirred vigorously. Further, the complete suspension was transferred into 100 

ml of Teflon-lined autoclave and kept into an oven maintained at 180 ºC for 12 h. 

After natural cooling to room temperature, black colour precipitate was obtained 

which was separated by centrifugation at 1162×g. Finally the precipitate was 

washed several times with Milli Q water and dried in oven maintained at 60 ºC, 

overnight. 

2.2.1. Synthesis of multiwalled carbon nanotubes –tungsten disulphide 
(MWCNT- WS2 NCs) 
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The nanocomposite of WS2 and MWCNT was again prepared by hydrothermal 

method. In brief, sodium tungstate dihydrate (0.25g) was dissolved in 25 ml of 

distilled water in a beaker and stirred at room temperature. In another beaker, 0.5 

g of L-cysteine was dissolved in 50 ml distilled water. Further, both the solutions 

were mixed into a beaker and pH of the solution was maintained at 6.5 by adding 

the HCl (0.1 M) solution into it. In the next step, 0.5 g of MWCNT was dispersed 

into the above solution and ultra-sonicated for 1 h. Finally, the mixture was 

transferred into 100 ml of Teflon-lined autoclave and kept into an oven 

maintained at 200 ºC for 48 h. After natural cooling to room temperature, black 

color precipitate was obtained which was further centrifuged and washed multiple 

times with Milli Q and dried at 80 ºC, overnight. 

2.2.2. Immobilization of Lcβ-gal onto MWCNT-WS2 and MWCNT-SnO2 NCs 

Immobilization of Lcβ-gal onto functionalized nanocomposite was performed by 

the following published procedure [23] with minor modification. Similar, protocol 

was followed for both NCs. Approximately 1 mg/ml of MWCNT-WS2 and 

MWCNT-SnO2 NCs were dispersed in sodium acetate buffer (50 mM, pH 5.0) 

separately, sonicated for 5 min and centrifuged at 1162×g for 5 min. The pellet 

thus obtained was incubated with glutaraldehyde (2-5%; v/v) solution, with gentle 

mixing in dark for 4 h. Thereafter, excess of glutaraldehyde was removed, and 

washed with chilled sodium acetate buffer. Finally, different amount of enzyme 

were added to it and left for overnight at 4 . Next day, unbound enzyme was 

removed by washing twice with chilled buffer.  
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2.3. Protein estimation 

Protein was estimated according to Bradford method [35] by using bovine serum 

albumin (BSA) as a standard. 

2.4. Enzyme assay 

The activity of β-galactosidase was monitored by using the published procedure 

as described earlier by Yadav et al. [23] with some modification. The hydrolytic 

activity of Lcβ-gal was determined by assessing the release of o-nitrophenol from 

o, nitrophenyl β-D-galactopyranoside (ONPG) at 405 nm. The reaction was 

carried out in total volume of 500 µl containing suitably diluted enzyme (10 µl) 

and 490 µl of 20 mM ONPG prepared in Gly-HCl buffer (pH 3.0, 50 mM) at 58 

 for 10 min. Further, reaction was stopped by adding 1.5 ml of 20 mM sodium 

tetra-borate. 

One unit of β-galactosidase activity is defined as the amount of enzyme required 

to release 1.0 µmoles of o, nitrophenol per min under standard assay conditions (ε 

4500 L mol-1cm-1).  

In case of immobilized enzyme the reaction mixture was centrifuge at 654×g for 1 

min and supernatant obtained was analyzed for the formation of o, nitrophenolate 

at 405 nm. 

Finally, Immobilization efficiency (%) was calculated using formula:  

× 100 

 



10 

 

Specific activity of immobilized enzyme was calculated by subtracting the 

specific activity of unbound enzyme, from the specific activity of loaded enzyme 

at start of the reaction. While the specific activity of purified sample was 87 

U/mg. 

2.5. Experimental design and statistical analysis 

Box-Behnken Design (BBD) was employed to study the effect of various 

parameters on response (immobilization %). A few preliminary experiments were 

carried out to determine the effect various factors affecting response (data not 

shown). Based on the data of these experiments, various factors (pH, amount of 

glutaraldehyde (v/v; %), amount of enzyme (µg), amount of NCs (MWCNT-WS2, 

MWCNT-SnO2) affecting the response (immobilization %) were analysed. After 

analysing initial parameters, BBD generates 29 trials of experiments. The 

independent factors and their level selected for maximum immobilization of Lcβ-

gal on MWCNT-WS2 and MWCNT-SnO2 as follows: 

MWCNT-WS2 NCs: amount of MWCNT-WS2 (500 µg, 1000 µg, 1500 µg), 

glutaraldehyde (v/v; %) (2.5, 3.0, 3.5), pH (4.5, 5.0, 5.5), amount of enzyme (150 

µg, 300 µg, 450 µg). 

MWCNT-SnO2 NCs: amount of MWCNT-SnO2 (500 µg, 1000 µg, 1500 µg), 

glutaraldehyde (v/v; %) (2.5, 3.0, 3.5), pH (4.5, 5.0, 5.5), amount of enzyme (150 

µg, 300 µg, 450 µg). 

All the experiments were carried out in triplicates, and their mean values were 

used for calculation of immobilization (%). BBD design were generated by 

Design Expert software (version 11, Stats-Ease inc., Minneapolis, MN). The 
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quadratic polynomial equation has been used to determine the mathematical 

relationship between independent variable on dependent parameter i.e. response is 

shown below: 

                          

                           

Yi represents predicted response, Xi, Xj are input variables which influence the 

response:  is offset term; is the ith term linear coefficient;  is the ith 

quadratic coefficient and  is ijth interaction coefficients. In order to check 

adequacy and precision of the generated models, statistical evaluation have been 

carried out by analysing various parameters such as  analysis of variance 

(ANOVA), lack of fit, F value, p value and correlation coefficient R to measure 

the goodness of fit. The generated model was validated experimentally by 

performing 29 sets of trial experiments. 

2.6. Characterization  

To determine the crystallinity of synthesized NCs i.e. MWCNT-WS2 and 

MWCNT-SnO2 has been carried out using X-ray diffractometer (XRD, Philips 

Pan analytical X’Pert PRO). Spectroscopic characterization of synthesized NCs 

i.e. MWCNT-WS2 and MWCNT-SnO2 was carried out using Raman (Renishaw, 

inVia, Germany). Microstructural characterization of both NCs i.e. MWCNT-WS2 

and MWCNT-SnO2 NCs were performed by using Transmission Electron 

Microscopy (TEM, TECNAI 20G, 200KV). For TEM analysis, respective NCs 

were dissolved in buffer and sonicated for 30 min, until homogenous solution was 

obtained. Thereafter, one drop of homogenous solution was loaded onto the 
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copper grid and air-dried for analysis. To examine the morphological changes 

before and after the immobilization, Field Emission-Scanning Electron 

Microscopy (FE-SEM) was employed.  Samples were dried and loaded onto the 

silver glued metallic stub for analysis. In order to ensure the presence of 

functional group on nanocomposite as well as to get insight into the interaction 

between nanocomposite and enzyme, FTIR analysis was carried out using Perkin-

Elmer (Spectrum 100, USA) spectrophotometer. Samples were mixed with KBr, 

and obtained pellet was used for analysis and spectra were recorded in 400-4500 

cm-1 range. Atomic Force Microscopy (AFM) was carried out to study the 

topological modification before and after immobilization via nanoscope (NT-

MDT, NIGERA, PRIMA model, Russia), equipped with silicon tip in semi 

contact mode. For sample preparation, homogenous samples were loaded onto 

silicon wafer by spin coating method and further, different area were scan with 

scanning rate of 0.5 Hz. Confocal Laser Scanning Microscopy (CLSM) was 

employed to examine the distribution of enzyme after immobilization of Lcβ-gal 

onto NCs as well as to confirm immobilization. Fluorescein isothiocyanate 

(FITC) was labeled to immobilized Lcβ-gal on respective NCs and bare 

nanocomposites as follows: FITC (0.5 mg/ml) was dissolved in dimethyl 

formamide (DMF) and rest of the volume was made up by extraction buffer and 

FITC solution (100 µl) was added to bare MWCNT-WS2, MWCNT-SnO2 NCs 

and Lcβ-gal immobilized NCs, and incubated for 30 min. Thereafter, excess of 

FITC solution was removed by washing with MQ water. The laser wavelength at 

490 nm was used for excitation. 



13 

 

2.7. Steady state kinetics  

2.7.1. Effect of pH 

In order to determine optimum pH for the soluble and the immobilized enzyme 

(MWCNT-WS2 and MWCNT-SnO2) w.r.t. ONPG were carried out in pH range 

2.5-7.0 (Glycine-HCl buffer pH 2.5-4.0; sodium acetate buffer 4.0-5.5; sodium 

acetate buffer 5.5-7.0), 50 mM each. The activity at pH 3.0 was taken as control 

(100%) for calculation of remaining activity. 

2.7.2. Effect of temperature and thermal stability 

Evaluation of optimum temperature was carried out in temperature range 25  to 

75  for soluble and immobilized (MWCNT-WS2 and MWCNT-SnO2) at its 

optimum pH w.r.t. ONPG. Thermal stability studies of enzyme were carried out 

by incubating soluble and immobilized (MWCNT-WS2 and MWCNT-SnO2) 

enzyme at different temperature for different time intervals; aliquots were 

withdrawn at regular time intervals, chilled in ice and assayed for enzyme 

activity. 

2.7.3. Determination of Km 

Lineweaver-Burk Plot has been employed to study Km of Lcβ-gal for soluble and 

immobilized enzyme, by varying the substrate concentrations from 0.2 mM to 20 

mM. Data were plotted and analysed using Sigma plot version 11. 

2.7.4. Storage stability and reusability 

The aliquots of soluble enzyme and NBCs (MWCNT-WS2 and MWCNT-SnO2) 

were stored at room temperature under dry and wet conditions at 4  in sodium 

phosphate buffer (25 mM, pH 6.8) for different time intervals. Assessment of 
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residual activity was carried out at regular intervals w.r.t. ONPG as a substrate. 

However, to check the reusability respective NBCs (MWCNT-WS2 and 

MWCNT-SnO2) were repeatedly used for the assessment of residual activity with 

both NBCs w.r.t. ONPG in 48 h. After each assay, the NBCs was washed 

repeatedly with sodium acetate buffer (50 mM, pH 5.0). The activity determined 

at first step was taken as control (100%) to calculate rest of the activity. 

2.7.5. Cytotoxicity of nanobiocatalyst 

Murine lymphoma cell line designated as Dalton Lymphoma (DL) were placed in 

96-well tissue culture plate (1×106/well) alone and with NBCs at various 

concentration (25-150 µg) for 24 h at 37  in 5% CO2 incubator. Next, standard 

3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium-bromide (MTT) assay was 

performed as described earlier Yadav et al. [36] with minor modification. Briefly, 

MTT solution (5 mg/ml) prepared in Phosphate Buffer Saline (PBS) was added to 

the 96-well tissue culture plate and incubated for 4 h. Thereafter, plate was 

centrifuged at 10×g. The supernatant was aspirated without disturbing dark blue 

formazan crystal generated by live cell. The absorbance was measured at 

wavelength of 540 nm using a microplate reader. The cytotoxicity analysis of 

both NBCs were carried out separately. The experiments were performed in 

triplicates for all test concentration of NBCs. 

2.7.6. Whey hydrolysis 

Whey hydrolysis was monitored for the formation of glucose by using glucose 

oxidase-peroxidase coupled assay procedure (GOD-POD kit) (Surat, India). 

Preparation of milk whey has been carried out by following protocol with minor 



15 

 

modification, as described earlier by Dwevedi and Kayastha [37]. In brief, milk 

pH was brought down to pH 4.5 with 1N HCl, followed by centrifugation for 10 

min at 8420g, and 4 . Whey supernatant (100 µl) was incubated with respective 

NBCs (1 mg) (MWCNT-WS2 and MWCNT-SnO2 NCs) for 24 h at room 

temperature and 55 . From above reaction mixture 20 µl was withdrawn at 

regular time intervals for the assessment of released glucose at 505 nm.      

3.0. Results and Discussion 

Lcβ-gal has been purified to electrophoretic homogeneity with 857 fold and a 

specific activity of 87 U/mg by using different fractionation and chromatography 

steps [23].  

3.1. Structural and microcrystal characterization 

To determine the crystallinity of as synthesized MWCNT-SnO2 and MWCNT-

WS2 NCs were characterized by X-ray diffractometer. In [Fig. 1(a)], the 

characteristics diffraction peaks of SnO2 were observed at 26.8º, 29.7º, 31.8º, 

33.8º, 40.6º, 44.5º, 51.7º, 56.4º,58.0º, 66.4º, 71.2º, and 75.5º which corresponds to 

diffraction plane (112), (113), (021), (006), (123), (101), (130), (028), (119), 

(042), (143), and  (145), respectively. The diffraction peak observed at 26.09º 

corresponds to (00.2) plane of MWCNT. The XRD pattern of SnO2 and 

MWCNTs nanocomposite are matches well with JCPDS card no. 78-1063 and 75-

1621, respectively. The additional peak of Sn was observed at 32.0º, which 

corresponds to the diffraction plane (200) suggesting that small amount of 

SnCl4.5H2O was not converted into SnO2 during the reaction process. In [Fig. 

1(b)], the characteristic peaks of WS2 were observed at 14.3º, 33.5º, 39.5º, 49.7º, 
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58.3º, 60.5º and 73.0º,
 which correspond to diffraction plane (100), (101), (103), 

(105), (110), (112) and (203), respectively. In this case again characteristics peak 

of MWCNT are observed at 26.09º and 44.00º, which corresponds to diffraction 

plane (00.2) and (101), respectively. The XRD pattern of prepared WS2 and 

MWCNTs NCs matches well with JCPDS card no. 08-0237 and 75-1621, 

respectively. 

Raman spectroscopy is a very versatile and non-destructive technique to 

determine the vibrational modes of any materials. Therefore, synthesized 

MWCNT-SnO2 and MWCNT-WS2 NCs have been characterized through Raman 

spectroscopy technique. The Raman spectrum of MWCNT-SnO2 composite 

shown in [Fig. 1(c)], consists of two bands at 560 cm-1 and 630 cm-1
, which 

corresponds to Sn-O surface vibrations and A1g  (out of plane) vibration mode, 

respectively [38]. The Raman spectrum of MWCNT-WS2 composites shown in 

[Fig. 1(d)], consists of two characteristics peaks 351 cm-1 and 421 cm-1
, which are 

assigned to E1
2g (in plane) vibrational mode and A1g (out of plane ) vibrational 

mode, respectively [39]. Few, additional peaks have also been observed with peak 

values 323 cm-1, 521 cm-1 and 585 cm-1, which correspond to E1g, E1
2g + LA and 

A1g + LA vibrational modes, respectively [40]. In the Raman spectra of both 

MWCNT- SnO2 and MWCNT-WS2 composites, peaks observed at 1346 cm-1 and 

1577 cm-1 correspond to D band and G band of MWCNT, respectively. The D 

band signifies the disorderness and defects in the finite crystal size whereas G 

band is assigned to E2g tangential mode and graphitic nature with sp2 

hybridization of MWCNT. The peak observed at 2730 cm-1
, corresponds to the 
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2D band of MWCNT, which is also referred as the first overtone of D band [41]. 

Hence, Raman spectrum clearly confirms the successful synthesis of MWCNT- 

SnO2 and MWCNT- WS2 nanocomposites. 

Microcrystal and structural characterization of NCs was studied using TEM. In 

the present study, the morphological characterization of MWCNT, MWCNT-WS2 

NCs, and MWCNT-SnO2 NCs has been carried out. TEM micrograph of 

MWCNT [Fig. 2(a)] clearly showed multiple small tube within tube like 

structure, which further confirmed the formation of MWCNTs.  [Fig. 2(b)] 

demonstrates agglomeration of SnO2 nanoparticles over the surface of MWCNT 

and it showed that SnO2 nanoparticles (NPs) owns circular structure. From [Fig. 

2(c)] it is evident that WS2 possess nano-rod like structure in which rod end, into 

triangular structure, followed by the attachment of WS2 nano-rods onto MWCNTs 

(highlighted by blue dotted circle).  

The detailed morphological changes of synthesized NCs i.e. MWCNT-WS2 and 

MWCNT-SnO2 before and after immobilization were studied using FE-SEM [Fig. 

3]. Native MWCNT-WS2 NCs [Fig. 3(a)] revealed that MWCNTs are 

interconnected to each other which leads to formation of network like structure, 

wrapped by WS2 nanorods (highlighted with yellow colour). Non-uniform 

distribution of WS2 nanoflower can be seen over the surface of CNT-WS2 while  

synthesized NBCs [Fig. 3(b)] showed that these MWCNT rods are coalesce along 

with dense coverage of enzyme over the surface of NBCs. However, a significant 

increase in the thickness of diameter of CNT rods were observed, shown in 

supplementary material [S1].  Native MWCNT-SnO2 [Fig. 3(c)] revealed that 
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fewer MWCNTs as compared to MWCNT-WS2. SnO2 nanoparticle are 

agglomerated onto the surface of MWCNTs rods, which resulted in non-uniform 

distribution of SnO2 nanoparticles on the surface of synthesized NCs. However, 

after immobilization [Fig. 3(d)] coalesced of enzyme and NCs was observed 

along with increase in the thickness of CNTs rods, which ensures the successful 

immobilization. 

The immobilization and distribution of enzyme over the surface of 

nanocomposites was examined via CLSM as shown in [Fig. 4]. [Fig. 4 (a & c)] 

represents the native MWCNT-WS2 and MWCNT-SnO2 NCs in which no FITC 

signals were observed, which indicated that there is no enzyme while laser 

scanning at 63x yielded fluorescent image [Fig. 4(b)] showed non-uniform 

distribution of FITC signal in which CNTs rod are covered by FITC labeled 

enzyme (highlighted by yellow color) while at few places strong FITC signal can 

be observed that might be probably due to immobilization of Lcβ-gal onto 

MWCNT-WS2 NCs. However, in case of MWCNT-SnO2 [Fig. 4(d)] different 

FITC signal was observed which showed a dense coverage of enzyme over the 

surface of NCs. This can also be confirmed by FE-SEM micrograph [Fig. 3(d)] in 

which after immobilization only a few MWCNT rods are evident as compared to 

SnO2 nanoparticles. 

AFM has become one of the benchtop techniques in laboratory due to its potential 

application in measuring, analyzing and imaging the biomolecules and bio-

surfaces with higher resolution at nanoscale level [42]. Therefore, AFM was 
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carried out to examine the surface topological modification before and after the 

immobilization. Topological micrograph of native MWCNT-WS2 NCs 

[supplementary material Fig. S2(a)] demonstrated the homogenous distribution 

of nanocomposites in which MWCNTs and WS2 nano-rods were observed 

(highlighted with yellow dashed circle) over complete scanning area of 

3µm×3µm. In 3D view, [supplementary material Fig. S2(b)] WS2 nano-rods 

were observed over MWCNT in the form of crest and tough. The height of bare 

nanocomposite has approximately 40 nm. However, after immobilization jagged 

transparent patches of immobilized enzyme can be seen over surface of 

nanocomposites as shown in 2D view in scanning area of 10µm×10µm with 

increase in the average height after immobilization approximately 400 nm and it 

can also be seen as white spikes over surface of NCs in 3D view [supplementary 

material Fig. S2(c & d)].  

While in case of native MWCNT-SnO2 NCs [supplementary material Fig. 

µS3(a)] agglomeration of nanoparticles can be seen over the surface of NCs in 2D 

view and it resulted in different height with average thickness of 40 nm in 3D 

view over the scanning region of 3µm×3µm [supplementary material Fig. 

S3(b)]. However, after immobilization of enzyme on NCs, transparent uneven 

distribution of white patches of enzyme can be seen over the surface of MWCNT 

conjugated to nanoparticles with increase in average thickness of 600 nm over the 

scanning area of 20µm×20µm (highlighted with blue dashed line). Besteman et al. 

[43] also observed similar result when glucose oxidase was immobilized on the 

single walled carbon nanotubes. 
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3.2. Optimization  

Before setup of any process, optimization is an essential parameter from industrial 

perspective because it doesn’t only aid us to select favourable conditions to 

achieve best performance of the system but it also reduces the cost of doing 

extensive laboratory work, and saves time [44]. BBD has been found to be more 

proficient and precise as compared to CCD. Therefore, in the present study BBD 

has been applied with both NCs, MWCNT-WS2 and MWCNT-SnO2 to optimize 

the immobilization process. Results obtained from preliminary experiments have 

been employed to optimize various parameters in operational range such as pH, 

glutaraldehyde (%; v/v), amount of enzyme, amount of nanocomposites with both 

NCs i.e. MWCNT-WS2 and MWCNT-SnO2 to get maximum response are shown 

in supplementary material [Table S1 & Table S2]. The actual factor which 

affects the immobilization are represented in terms of equations are as follows. 

With both NCs, MWCNT-WS2 and MWCNT-SnO2 NCs different contour and 

their respective 3D plot were designed showing the interaction effect on the 

response (immobilization) shown in supplementary material [Fig. S4] and the 

following were determined: 

In case of MWCNT-WS2:  

Amount of MWCNT-WS2: 1074.16 µg; pH: 4.94; glutaraldehyde: (v/v; %) 3.08; 

amount of β-gal: 348.68 µg; predicted immobilization 90.81% 

In case of MWCNT-SnO2: 
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Amount of MWCNT-SnO2: 849.92 µg; pH: 5.20; glutaraldehyde: (v/v; %) 3.27; 

amount of β-gal: 365.58 µg; predicted immobilization 86.82% 

To validate the above predicted immobilization, a few experiments were carried 

out with both NCs and 91.5% and 88% immobilization was achieved with 

MWCNT-WS2 and MWCNT-SnO2, respectively. The values were found to be in 

close agreements with the predicted values and equation as given below,      

Immobilization efficiency: MWCNT-WS2 NCs: 

 

 

whereas A; represents amount of MWCNT-WS2, B; pH, C; Glutaraldehyde (%; 
v/v), D; amount of enzyme  

MWCNT-SnO2 NCs: 

 

 

 

A; represents the amount of MWCNT-SnO2, B; pH, C; glutaraldehyde (%; v/v), 
D; amount of enzyme 

To check the significance of the model, ANOVA was performed with both NCs 

i.e. MWCNT-WS2 and MWCNT-SnO2. With both NCs, the model p-value 

<0.0001 showed that model terms are significant. The model F-value 50.62 and 

41.32 in case of MWCNT-WS2 and MWCNT-SnO2, respectively implies that 

model is significant and there is only 0.01% chances that large F-value may occur 

-473.69200+0.0379 × A+150.00 × B+99.79 × C+0.113132 × D+0.002A × B-

0.000400A × C+0.000015A  × D-6.100 × B × C-0.0133B × D+0.028100 × C × 
D-0.000024 × A2

-13.01900 ×  B2
-12.83400 × C2

-0.0002 

-428.66 + 0.0663583 × A  + 114.967 × B + 107.483 ×  C + 0.0711944 ×  D + -
0.00133 ×  A  ×  pH + -0.012 ×  A  × C + 3.66667e-06 ×  A  ×  D + 6 ×  B × C + 
0.0212333 ×  B ×  D + -0.00166667 ×  C ×  D + -1.10517e-05 ×  A2 + -13.3867 
×  B2 + -20.0167× C2 + -0.000258352 ×  D2 
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due to noise shown in supplementary material [Table S3]. Another parameter, 

lack of fit is also important to measure the fitness of the model, non-significant 

lack of fit showed that model was valid for the present study. However, in case of 

MWCNT-WS2, F-value of lack of fit is 1.39 which implies that lack of fit is not 

significant to relative pure error means there is only 40.25% chances that large 

lack of fit could have occurred due to noise. In case of MWCNT-SnO2, lack of fit 

F-value 3.28 indicates that the model is non-significant and there is only 13.17% 

chance that large non-significant lack of fit due to noise. Adequate precision 

shows signal to noise ratio, a ratio of 4 is required for good model. In the present 

study the ratio of 22.895 and 21.448 in case of MWCNT-WS2, MWCNT-SnO2, 

respectively was achieved which indicated the reliability of the experimental data. 

Predicted R2 measures accuracy of the model with which it predicts the response 

value (immobilization).  A difference of less than 0.2 is required between adjusted 

and predicted R2.  

In the present study, predicted R2 is in reasonable agreement with adjusted R2 

with both NCs i.e. MWCNT-WS2 and MWCNT-SnO2 and both models showed a 

difference of less than 0.2 supplementary material [Table S4]. Coefficient of 

determination R2 is also a significant parameter, higher R2 value is pre-requisite 

for a good model. In case of MWCNT-WS2, R2 0.9806 was achieved which 

indicated that model explains 98.06% of variation of immobilization by 

independent variables and also implied that only 1.94% variations are not 

explained by the model. While in case of MWCNT-SnO2 R2 is 0.9764 indicating 

present model explains 97.64% of variation of immobilization by independent 
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variables but it fails to explain 2.36% of variations only. These results showed 

that model predicted the immobilization efficiency with high precision value. 

To get mechanistic insights into the interaction between nanocomposites and Lcβ-

gal, FTIR analysis has been carried out, which also enlighten the nature of 

functional groups present on the nanocomposites. Supplementary file Fig. S5 

shows the vibrational frequencies of MWCNT-WS2 at 790 cm-1, 1121 cm-1, 1567 

cm-1and 3410 cm-1 corresponds to W-S stretching and bending vibrations, C=N 

stretching, NH bend of 1  amines and –OH stretching of alcohols groups, 

respectively [45]. These vibrational frequencies ascertains the presence of -N and 

-O containing functional groups. The FTIR spectrum of  MWCNT-SnO2 

confirmed the presence of oxygen containing functional groups, such as C-OH at 

3435 cm-1, O-H deformation peak at 1651 cm-1, the C-O stretching peak at 1124 

cm-1, and the –CH in plane bending vibration peak at 1400 cm-1[46]. The peaks at 

2859 cm-1 and 2925 cm-1 corresponds to C-H asymmetric stretching of the –CH3 

and –CH2 groups. The signature peaks appearing at 516 cm-1
, 660 cm-

1corresponds to Sn-O asymmetric stretch, and Sn-O-Sn symmetric stretch [47],  

respectively [supplementary material Fig. S6]. These results suggested that 

MWCNT-SnO2 is rich in -O functionalities. Thereafter, glutaraldehyde was added 

in both NCs in which one arm of glutaraldehyde binds to –N and –O functional 

group via formation of covalent bond and hemiacetal bond, respectively. The 

binding of glutaraldehyde to NCs surface was ascertained by the vibrational 

frequencies appearing at 1626 cm-1 and 1664 cm-1 in case MWCNT-WS2 and 

MWCNT-SnO2, respectively. There was drastic change in spectra obtained after 
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immobilization of Lcβ-gal. In case of MWCNT-WS2 a weak band appearing at a 

frequency of 1616 cm-1 showed shift which confirms the stretching of C=O due to 

formation of carbonyl amide I bond of peptide linkage in enzymes. While in case 

of MWCNT-SnO2, frequency at 1634 cm-1 showed shift and decrease intensity 

that ascertains the formation of amide bond between free arm of glutaraldehyde 

and Lcβ-gal, as well as broadening of peak 3234 to 3423 cm-1 was observed due 

to stretching of N-H, which endorses the successful immobilization of Lcβ-gal 

onto nanocomposites. A drastic decrease in intensities were observed with both 

NCs i.e. MWCNT-WS2 and MWCNT-SnO2 that may be due to strong covalent 

interaction between Lcβ-gal and nanocomposites. Similar observation were also 

made by other researchers [48, 49]  

 3.3 Steady state kinetics 

3.3.1. Effects of pH 

Nanoenviornmental conditions govern the shift in optimum pH of the 

immobilized enzymes. In the present study, NBCs showed no shift in optimum 

pH when immobilized with MWCNT-WS2 NCs while in case MWCNT-SnO2, 

NBCs showed a shift of one unit in optimum pH towards alkaline pH. However, 

in both cases broadening in pH profile was observed as compared to soluble Lcβ-

gal. It retained 85% and 75.4% of residual activities with both NCs i.e. MWCNT-

WS2 and MWCNT-SnO2, respectively, at pH 2.5 which is good as compared to 

soluble Lcβ-gal activity at the same pH [Fig. 5(a)]. While at pH 7.0 the 

synthesized NBCs retained 58% and 56% of residual activities with MWCNT-

WS2 and MWCNT-SnO2, respectively as compared to soluble Lcβ-gal which had 
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retained only 25% of residual activity at same pH [Fig. 5(a)]. Verma et al. [50] 

had also investigated shift in optimum pH after immobilization of β-galactosidase 

from Kluyveromyces lactis onto the silicon oxide nanoparticles. However, the 

degree of the shift in optimum pH varies with nature of matrices used. It depends 

upon the type of charge owned by nanocomposite that influences the proton 

gradient which alters the pH value in near vicinity of the enzymes. Significant 

broadening in pH profile at higher temperature with enhanced activity of both 

synthesized NBCs has made them an auspicious candidate for food industries. 

3.3.2. Optimum temperature and thermal stability 

Optimum temperature studies of both NBCs showed a shift of one degree from 

soluble Lcβ-gal [Fig. 5(b)]. After reaching temperature optima, a sharp decline in 

activity was observed with soluble Lcβ-gal after 58 . Both NBCs showed higher 

activity and higher tolerance at elevated temperature and also showed widening of 

operational temperature range. The soluble Lcβ-gal retained only 27% of activity 

at 70  while the synthesized NBCs retained 70% and 65% residual activities 

with MWCNT-WS2 and MWCNT-SnO2 NCs, respectively at same temperature. 

Das et al. [21] also explored shift in temperature optima when β-amylase was 

immobilized onto graphene oxide and graphene oxide-CNT. 

Industrial quest of thermostable enzymes are still prominent area of research. 

Generally, industries operate at higher temperature thus thermostability of 

enzymes becomes a crucial parameter. In the present study, when Lcβ-gal 

immobilized MWCNT-WS2 was incubated at 55  for 2 h, it retained 96.6% of 

residual activity while MWCNT-SnO2 retained 92.4% of residual activity under 
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similar conditions. Thermal stability of both the NBCs was also tested at 60 , 

which revealed that Lcβ-gal immobilized MWCNT-WS2 retained 94.3% of 

residual activity after 1 h, while MWCNT-SnO2 retained 87.4% of residual 

activity under similar condition. However, soluble Lcβ-gal  retained only 20% of 

residual activity at 55  for 2 min. Covalent bond formation results in multipoint 

attachment between enzyme surface and nanocomposite which makes Lcβ-gal 

more resistant and rigid to unfolding of 3D structural conformation at higher 

temperatures [51]. Pan et al. [52] also reported enhanced thermal stability of β-

galactosidase immobilized with magnetic Fe3O4-chitosan nanoparticles in the 

temperature range 50-60 . Such a tremendous increase in thermal stability after 

immobilization makes these NBCs suitable for cheese whey hydrolysis to 

minimize the water pollution due to waste produced from cheese industries.  

3.3.3. Reusability and storage stability 

Shipment of product from the date of manufacturing to end user with retention of 

biological activity is crucial parameter from industrial viewpoint [53]. Therefore, 

storage stability or shelf-life study of NBCs is of great relevance for food 

industries. In the present study, synthesized NBCs retained 90% and 84% in 

residual activity with MWCNT-WS2 and MWCNT-SnO2 NCs, respectively at 4 

 over a period of 3 months as shown in [Fig. 5(d)]. While the soluble Lcβ-gal 

retained only 30% of the residual activity under similar conditions. The 

attachment of enzyme to solid supports in proper orientation retained the activity 

of enzymes over a long period. The remarkable upswing in storage stability of 
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synthesized NBCs endows valuable candidate for hydrolysis of cheese whey in 

dairy industries. 

Multistep process involved in the  purification of enzyme makes it expensive for 

industrial setup [54]. Therefore, immobilization of enzymes on various matrices 

have become best alternative to reduce the cost of enzymes by increasing its 

repeated use. In the present study, both nanocomposites can be reused 9 times, 

while the MWCNT-WS2 retained approximately 70% of residual activity after 9th 

use and MWCNT-SnO2 NCs showed residual activity of approximately 57% after 

9th use [Fig. 5(c)]. Retention of activity after several uses may be too strong 

multipoint covalent attachment of enzyme with NCs, which prevent the 

detachment of enzyme from NCs [55]. However, repeated use of NBCs resulted 

in reduced activity that may be due to frequent encountering of substrate to 

enzyme which leads to distortion of active site present on the enzyme. The 

obtained results suggested that MWCNT-WS2 NCs turnout to be more efficient as 

compared to MWCNT-SnO2 NCs. 

3.3.4. Kinetic parameters 

Kinetics parameter of immobilized and soluble Lcβ-gal was studied using 

Lineweaver-Burk plot with ONPG as substrate as outlined in [Table 1]. These 

results suggested that after immobilization, Km value increases with both NBCs 

i.e. Km value of Lcβ-gal immobilized MWCNT-WS2 was 6.75 mM, while in case 

of MWCNT-SnO2 was found to be 5.89 mM, respectively. However, Km value of 

soluble Lcβ-gal was 1.21 mM. Ease of access of substrate toward active site 

enzyme becomes challenging after immobilization onto nanocomposites, which 
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leads to higher apparent Km [54]. Fang et al. [56] also observed increase in Km 

after immobilization of laccase onto SiO2 nanocarrier.  

3.3.5 Cytotoxicity of NBCs 

In order to ensure the safety of both NBCs (MWCNT-WS2, MWCNT-SnO2) in 

practical usage. The cytotoxic analysis have been carried out using standard MTT 

assay for both NBCs. MTT assay represents the damage in mitochondrial cells 

that eventually leads to cell death. The cells were examined for survival via 

standard MTT assay. The results suggested that the both NBCs did not exhibit 

significant cytotoxicity against DL cells at all test concentrations (25-150 µg/ml). 

3.3.6 Whey hydrolysis 

The continuous hydrolysis of whey lactose was studied at an analytical scale in 

batch process under optimum conditions as shown in supplementary material 

[Fig. S7(a)]. Lcβ-gal immobilized MWCNT-WS2 NCs showed maximum 97% of 

whey lactose hydrolysis in 1.5 h, while Lcβ-gal immobilized MWCNT-SnO2 

showed maximum 92% whey lactose hydrolysis at optimum conditions in 2 h. 

However, for milk lactose the maximum rate of hydrolysis was found to be 72% 

and 64% in 9 h (data not shown) in case of Lcβ-gal immobilized MWCNT-WS2 

and MWCNT-SnO2 NCs, respectively. Supplementary material Fig. S7(b) 

shows the hydrolysed product i.e. glucose obtained at maximum point of whey 

lactose hydrolysis. The remarkable increased rate of hydrolysis of whey lactose as 

compared to milk lactose is due to whey pH optima which lies in acidic range 

while pH optima of milk lactose lies in alkaline range. Panesar et al. [57] have 

documented the importance pH optima of whey lactose and milk lactose 
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hydrolysis. It was observed that prolonged incubation of whey lactose and milk 

lactose with synthesized nanobiocatalyst did not increases the rate of hydrolysis 

because, thereafter it attained steady state. Husain et al. [58] have also observed 

higher rate of lactose hydrolysis in case of whey as compared to milk lactose 

when Asperzillus oryzae β-galactosidase was immobilized onto zinc oxide 

nanoparticles. Results suggested that Lcβ-gal immobilized MWCNT-WS2 NCs 

hydrolyzed whey lactose more proficiently as compared to MWCNT-SnO2 NCs. 

Therefore, these NBCs could be used as promising candidate in whey lactose 

hydrolysis in dairy industries at higher temperatures. 

4.0. Conclusion 

MWCNT-WS2 NC was found to be superior over MWCNT-SnO2 NC that may be 

due to heterofunctional nature. It is evident from reusability and whey hydrolysis 

test that Lcβ-gal immobilized MWCNT-WS2 showed better reusability and 

catalytic properties compared to MWCNT-SnO2. Thus, synthesized NBCs could 

serve as potential candidate to fulfil the requirement of dairy industries. Apart 

from this, we hope that present study will provide new insights to explore more 

novel heterofunctional material to re-engineer the other enzymes based systems 

with enhanced catalytic properties and would widen their applications such as in 

bio-catalysis, biosensor technology, and gene delivery etc.  
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Appendices 

Supplementary data of this work can be found in online version of the paper 

 

 

 

 

 

 

 

 

Figure captions: 

Scheme 1. Illustrates schematic representation of stepwise preparation of 
nanobiocatalysts (NBCs) for lactose based dairy industries. 

Fig. 1. XRD pattern of (a) MWCNT-SnO2 NCs (b) MWCNT-WS2 NCs; Raman 
spectra of (c) MWCNT- SnO2 NCs and (d) MWCNT- WS2 NCs 

Fig. 2.TEM micrograph at resolution of 200 nm (a) MWCNTs shows tube within 
tube like structure (b) MWCNT-SnO2 NCs, SnO2 NPs attachment on MWCNTs 
(c) MWCNT-WS2 NCs, nanorods are attached to MWCNTs. 
Fig. 3. FE-SEM micrograph at 500 nm (a) represents bare MWCNT-WS2 NCs, 
WS2 outgrowth can be seen on MWCNT rods (b) shows the enzyme coupled 
MWCNT-WS2 NCs dense coverage of enzyme can be seen interconnected 
MWCNTs rods(c) represents the bare MWCNT-SnO2 in which MWCNT with 
SnO2 outgrowth (d) white patches of immobilized enzyme onto MWCNT-
SnO2NCs. 

Fig. 4 CLSM micrograph of FITC labeled (a) Native MWCNT-WS2 (b) Lcβ-gal 
immobilized MWCNT-WS2 (c) Native MWCNT- SnO2 (d) Lcβ-gal immobilized 
MWCNT-SnO2 at a resolution of 40 µm. 
Fig. 5 shows the dependency of Lcβ-gal activity in free and immobilized on 
different NCs viz MWCNT-SnO2, MWCNT-WS2 (a) pH (2.5-7.5) (b) temperature 
(20-70 ) (c) reusability (9th use) (d) storage stability at 4  under wet condition. 
Table 1: Apparent kinetic parameters of free and immobilized enzyme onto 
MWCNT-WS2 and MWCNT-SnO2 NCs. 
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Fig. 3. 
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Fig. 4. 
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Table 1. 

Enzyme preparations Km (mM) Vmax  (µmoles/min/mg ) 

Soluble Lcβ-gal 1.21 ± 0.01 90.90 ± 0.02 

Lcβ-gal immobilized onto 
MWCNT-WS2 NCs 

6.75 ± 0.04 87.80 ± 0.05 

Lcβ-gal immobilized onto 
MWCNT-SnO2 NCs 

5.89 ± 0.03 75.90 ± 0.02 
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Highlights 

� MWCNT-WS2 and MWCNT-SnO2 were synthesized via eco-facile 

hydrothermal process. 

� The nanocomposites were used to immobilize Lens culinaris β-

galactosidase. 

� Storage stability and reusability were superior in MWCNT-WS2 than 

MWCNT-SnO2 NC. 

� AFM, FE-SEM, CLSM, and FTIR were employed for characterization of 

nanobiocatalyst. 

 

 

 


