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A B S T R A C T

Cellulase containing nanobiocatalysts have been useful as an extraction tool based on their ability to disrupt plant
cell walls. In this work, we investigate the effect of nanoparticle composition and chemical linkage towards
immobilized cellulase activity. Cellulase nanoconstructs have been prepared, characterized and compared for
their loading efficiencies with standard assays and enzyme kinetics and correlate well with the cognate loading
efficiencies. Application of the cellulase-immobilized nanoparticles on onion skins results in release of a
distinctive composition of polyphenols. The aglycosidic form of quercetin is the dominant product of onion skin
hydrolysis affected by cellulase nanobiocatalysts. Chitosan-coated iron oxide nanoparticles with APTES-
conjugated cellulase are found to be most effective for polyphenol release and for transformation of glycosidic
to aglycosidic form of quercetin. These results shed light on the activity of immobilized cellulase beyond their role
in cell wall disruption and are important for the practical application of cellulase nanobiocatalysts.
1. Introduction

Hydrolytic enzymes have been widely used in the food industry for
improving quality of processed food products and for enabling efficient
extraction of natural products [1, 2]. Factors such as cost, reusability and
stability constrain the industrial applications of these and other enzymes.
The immobilization of cellulolytic enzymes on solid supports has been
researched as a strategy for enhancing enzyme efficacy and lowering the
cost of food processing. Cellulase immobilized on magnetic nanoparticles
is found to display superior thermal and pH stability as compared to the
bare enzymes [3]. Such constructs permit variation of the activity of
enzyme based on loading efficiency [4]. Further, the use of magnetic iron
oxide nanoparticles is important towards reusability of the cellulase [3, 4,
5]. A variety of substrates have been used for immobilization of cellulase
either through covalent attachment or physical adsorption [6, 7]. The
surface character of the substrate in conjunction with the attachment
methodology contribute significantly towards the efficiency of tethered
cellulases [8]. The vast majority of covalent immobilization approaches
employ linkers such as glutaraldehyde and/or amino-
propyltriethoxysilane (APTES). This is understandable considering the
relative ease of linker chemistry and applicability across a range of
substrates [9, 10]. Linker-free covalent approaches for immobilization of
cellulases are arguably less-accessible albeit providing superior loading
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characteristics of the enzyme [11, 12]. Nevertheless, the compatibility of
substrates with immobilized cellulases is often viewed from the
perspective of ease of conjugation. In this regard, there is a dearth of
studies that systematically compare the efficacy of immobilized cellulase
across different substrates.

Immobilized cellulase has emerged as a valuable extraction tool
owing to the green conditions of operation [13, 14]. The enzyme facili-
tated breakdown of plant cell walls has been found to release a variety of
natural products including pigments and polyphenols [5, 15]. In recent
years, interest in food phenolics has increased significantly owing to their
antioxidant capabilities based on free-radical scavenging and
metal-chelating potential [16, 17]. Epidemiological studies have sought
to draw correlations between the consumption of polyphenol-rich foods
and lower incidence of heart, gastrointestinal, liver and neurological
diseases, cancer, atherosclerosis and obesity [18, 19]. Interaction of
bioactive compounds such as polyphenols with disease targets is often
investigated under conditions that may not faithfully represent the
complexity of the natural product. For example, the majority of dietary
polyphenols are present in their glycosidic forms that are poorly absor-
bed as compared to the aglycosidic counterparts [20, 21]. The presence
of polyphenols in aglycosidic and glycosidic forms complicates estima-
tion of their bioavailability [22]. The most abundant sources of poly-
phenols are expensive and do not form a significant component of daily
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diet.
In this work, we investigate the effect of nanoparticle composition

and chemical linkage towards immobilized cellulase activity on onion
skins. Quercetin is the major polyphenol in onion skins and is present in a
plethora of glycosidic forms [23]. The main objectives of our work
include (1) assessing the products of hydrolysis of onion skins with
respect to glycosidic and aglycosidic forms of polyphenols, and (2) screen
and incorporate suitable components for the most efficient nano-
biocatalyst containing cellulases for onion skin hydrolysis.

2. Materials and methods

2.1. Material

APTES (3-Aminopropyltriethoxysilane, 98%), Glutaraldehyde (25 %
in H2O), Glutaraldehyde, Formic acid, Quercetin (>98%), Quercetin-
3,40-diglucoside, Quercetin 3-β-D-glucoside, Citric acid monohydrate,
Disodium hydrogen phosphate, Trans-trans muconic acid, Tetradecane-
dioic acid, Dodecanedioic acid, DIC, Oxyma, EDC-HCl, NHS, Tetraethyl
orthosilicate (TEOS 98%), Ammonium hydroxide solution 31.5%
(NH4OH), Tetraethyl orthosilicate (TEOS 98%), Ammonium hydroxide
(NH4OH), Chitosan (C6H11NO4) with MW 60 kDa, tween-80, CTAB, and
Cellulase microcrystalline powder from Aspergillus niger were obtained
from Sigma Aldrich (Bangalore, India). FeCl2 was obtained from LOBA
Chemie, KOH from SRL, Ethanol Methanol, Ultra-pure water, Acetic acid,
Butanol (C4H9OH), and Propanol (C3H7OH) were obtained from Merck.
Onion (Allium cepa) was obtained from local groceries. All glassware
were soaked in piranha solution (concentrated H2SO4 and 35%H2O2, 3:1
v/v) for 1 h and rinsed with deionized water before use.

2.2. Preparation of iron oxide magnetic nanoparticles (IOMNPs)

Iron Oxide (Fe3O4) magnetic nanoparticles (IOMNPs) were prepared
by the alkaline hydrolysis of ferrous ions. 1M KOH solution was added to
50 ml of 0.05 M FeCl2 solution until the pH reached 8, with continuous
stirring and then kept for precipitation for 2 hours. Black coloured pre-
cipitate was separated and washed two times with ultrapure water and
two times with ethanol on a vacuum filter, dried and stored in vacuum
desiccator for further use [24].

2.3. APTES functionalization of IOMNPs

50 mg of nanoparticles were dispersed in 50 mL of 10% APTES (3-
aminopropyltriethoxysilane) solution in methanol, sonicated for 10 min
at room temperature then vortexed at 1000 rpm overnight. The modified
particles were magnetically collected in another tube, washed 3 times
with methanol, dried and stored in vacuum desiccator [5].

2.4. Attachment of chemical linkers on IOMNPs and cellulase
immobilization

For glutaraldehyde cross linking, 40 mg of APTES modified IOMNPs
were taken in a separate container. 8 mL of 2.5% glutaraldehyde solution
was added separately in each container and sonicated for 10 min. These
solutions were gently shaken for 1 hr at room temperature. Unbound
glutaraldehyde was removed by washing with PBS (pH 7.0). Cellulase
solution (0.5% in PBS) was added and the mixture was shaken continu-
ously overnight. Subsequently, the Cellulase attached IOMNPs were
washed three times with water and resuspended in PBS buffer. This
mixture was then directly used for the hydrolysis activity of Cellulase [5,
24].

For trans, trans-muconic acid, tetradecanedioic acid and docosane-
dioic acid cross linking, in tube ‘A’ 20 mg of APTES modified IOMNPs
were dispersed in 10 ml DMF solvent by sonication for 15 min. In tube ‘B’
170 mM trans-trans muconic acid, 170 mM DIC and 170 mM Oxyma in
10 ml DMF solvent were combined and kept on shaking for 15 min. The
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suspension in tube ‘A’ was added drop wise into tube ‘B’ while shaking
for 2 hours. After this the reaction mixture was washed three times with
DMF and dried in vacuum oven for 14 hours at 50 �C [25]. In tube ‘A’ 10
mg linker attached MNPs were re-dispersed in 8 ml water by sonication.
In tube ‘B’ 85 mM EDC-HCl and 85 mM NHS were dissolved in 2 ml
water. Solutions of tube ‘B’ were mixed into tube ‘A’ and vortexed for 1
hour. Thereafter, the reaction mixture was washed 3 times with water,
followed by magnetic decantation. This was followed by addition of 10
ml 0.5% cellulase solution in PBS and kept on a shaker at 1000 rpm at
room temperature for overnight. The cellulase conjugated IOMNPs were
washed three times with water and re-suspended in PBS buffer. This
mixture was directly used for the hydrolysis activity of cellulase.

2.5. Preparation of silica nanoparticles (SNPs)

Silica nanoparticles (SNPs) were synthesized using St€ober method
[26]. Briefly, SNPs were prepared by hydrolysis and condensation of
TEOS in absolute ethanol and water as solvent using ammonium hy-
droxide (NH4OH) as catalyst. 40 ml ethanol was added into 2.5 ml of
deionized water and reaction was heated up to 55 �C. Subsequently,
1.8ml NH4OH was added followed by continuous stirring, 1.55 ml TEOS
and 4 ml ethanol were added with continuous stirring for 5 hrs. SNPs
were centrifuged at 7000 rpm for 10 min and washed four times with
ethanol, vacuum dried and stored in vacuum desiccators for further use.

2.6. Preparation of silica coated iron oxide magnetic nanoparticles (S-
IOMNPs)

Silica coating was performed on prepared IOMNPs by addition of
anhydrous ethanol and deionised water. 50 mg of MNPs were taken
initially followed by 80 mL of anhydrous ethanol and 20 mL of deionised
water. This mixture was sonicated for approximately 30 min. The pH of
the resulting mixture was maintained around 9.0 throughout by addition
of ammonium hydroxide (NH4OH). 200 μL of TEOS was added and re-
action was continuously stirred for 4 hr in an environment of nitrogen
(N2) gas. The prepared S-IOMNPs were washed three times with deion-
ised water and ethanol. S-IOMNPs were dried and kept in vacuum des-
iccators for further use [27].

2.7. Preparation of chitosan coated iron oxide magnetic nanoparticles (C-
IOMNPs)

0.25 g of IOMNPs was dispersed in CTAB (0.5% in deionized water-
solution A). Then, 100 ml chitosan solution (0.02%) in acetic acid solu-
tion was added drop-wise into solution A. The mixture was continuously
stirred at 1000 rpm for 1 h at room temperature. C-IOMNPs were washed
three times with ethanol and deionized water. Finally, the obtained C-
IOMNPs were dried overnight into vacuum oven at 60 �C and stored in
vacuum desiccators for further use. APTES functionalization [5, 24],
cross linking of APTES functionalized nanoparticles (SNPs, S-MNPs and
C-MNPs) with glutaraldehyde and cellulase immobilization was done by
the similar procedure that was used for IOMNPs [5, 24].

2.8. Immobilized-enzyme loading efficiency measurement by bicinchoninic
acid (BCA) assay

We used the BCA assay to determine the loading efficiency of cellu-
lase on different nanoparticles. The BCA assay works on the principle of
reduction of Cu2þ ions from copper sulphate (CuSO4) to Cuþ by peptide
bonds present in the cellulase enzyme [28]. The total amount of Cu2þ

ions reduced is proportional to the amount of enzyme thereby allowing
determination of the loading of enzyme on nanoparticles. A purple
colored product formed with absorbance at 562 nm is indicative of the
chelated Cuþ ions. Here, 200 μL of different nanobiocatalysts (10 mg/ml)
were incubated with 200 μL BCA reagent in 96 well-plates at 37 �C for 30
min and then absorption was taken at 562 nm. Considering bare enzyme



Fig. 1. Schematic representation for synthesis of cellulase-immobilized nanoparticles of varying (a) linkers, and (b) identities.
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loading efficiency at 100 %, different nanobiocatalysts loading efficiency
were measured.
2.9. Monitoring catalytic activity of cellulase nano-biocatalysts by
dinitrosalicylic acid (DNS) assay

The catalytic activity of nanobiocatalysts was determined by DNS
assay using the established approach [29] Briefly, the reducing activity of
glucose produced by action of cellulase on substrate cellulose was
measured by use of DNS reagent. The absorbance at 540 nm was corre-
lated with catalytic activity of the prepared constructs.1 g of cellulose
powder was taken in 4 mL of pH 5.5 citrate buffer, 10 mM. Two mL of
enzyme (10 mg/mL) or nanobiocatalyst suspension were added to this
followed by incubation at 50 �C for 1 h. 3 mL of dinitrosalicylic acid
(DNS) reagent was added after the incubation and the samples were
heated at 100 �C for 5 min. Subsequently, the samples were allowed to
cool and were centrifuged at 5000 rpm at room temperature for 5 min.
The UV–visible absorbance of the supernatant was measured at 540 nm.
Fig. 2. SEM image of bare (a) IOMNPs, (b) SNPs), (c) S-IOMNPs
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The absorbance at 540 nm was correlated with catalytic activity.
2.10. Monitoring catalytic activity of cellulase nano-biocatalysts by HPLC

100 gm of onion skins was mechanically ground in an electric grinder,
until a highly viscous paste was formed. This paste was sonicated for 1
hour at 50 �C in a 250 ml conical flask. 100 ml of anhydrous methanol
was added to the suspension and kept in a shaker incubator at 50 �C. The
flask was sonicated for 1 hour and kept on shaker for 2 hours. The
mixture was centrifuged at 7000 rpm at 4 �C for 10 minutes. The sus-
pension was filtered using 0.45 micron PVDF syringe filter. This was
stored in dark bottles at -20 �C. For the hydrolysis of 1 mL of onion extract
or 50 mg cellulose (in 1ml citrate buffer, pH 5.5, 10 mM), 1ml of enzyme
or nanobiocatalyst (10 mg/ml) was used. The mixture was kept on a
thermomixer for different time of periods (1–8 hours) at 50 �C and 500
rpm. The nanobiocatalyst was removed by using a bar magnet and tested
for reusability by application on the next batch of cellulose/onion
extract. The supernatants were analysed by HPLC followed by the
) and (d) C-IOMNPs. Scale bar is 100 nm in all the images.



Fig. 3. DLS bar graphs of, (a) different nanoparticles, and (b) of IOMNPs with different linkers.
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reported method, In short; isocratic mobile phase, Methanol (50): water
(50): Formic acid (0.1) was chosen and at the flow rate of 0.5 mL/min.
RP-C18 column was used, the injection volume for HPLC analysis was 20
μL and the columnwas maintained at room temperature. Chromatograms
were recorded at 350 nm for each analysis. Above mentioned hydrolysis
Fig. 4. XRD pattern of IOMNPs (black), SNPs) (red), S-IOMNPs (blue) and C-
IOMNPs (green).
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and HPLC procedure was also used for the reusability and kinetic studies.
2.11. Instruments for characterization

SEM characterizations were performed on a field emission electron
scanning microscope (JEOL JSM-7600f, USA). Attachment of linkers and
enzyme on nanoparticles was investigated by FT-IR Spectrometer, (Per-
kinElmer, Spectrum Two, UATRA two, USA). Spectra were recorded in
the range of 490–4000 cm�1

. UV-visible spectra were recorded using
Spectrophotometer (JASCO V-750, Japan). Hydrolysis analysis was done
under HPLC (SHIMADZU RID-20A, Japan). Crystallinity studies were
performed using XRD (BRUKER D8 Discover, USA). Hydrodynamic sizes
and zeta potential of nanoconstructs were measured by DLS (MALVERN
NANO ZS, Zetasizer Nano Series, UK).

3. Results and discussion

3.1. Synthesis and characterization of different cellulase-immobilized
nanoparticles

Iron oxide, silica, silica-coated iron oxide and chitosan-coated iron
oxide nanoparticles were prepared as described in the Experimental and
represented in Fig. 1. The zeta potentials of bare and coated nanoparticles
were determined at pH 7 and were as follows: bare iron oxide (-12.6 mV),
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Fig. 5. FT-IR Spectra of enzyme immobilized nanoparticles with the linker C5 (a) IOMNPs, (b) SNPs,(c) S-IOMNPs and enzyme immobilized IOMNPs with the linker
(d) C5, (e) C6, (f) C14 and (g) C22; (h) comparative FT-IR spectra of IOMNPs, C-IOMNPs and C5-APTES-C-IOMNPs.
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silica (-39.35 mV), silica-coated iron oxide (-37.5 mV) and chitosan-
coated iron oxide (þ24.2 mV).

These measurements are compatible with previous literature reports.
[30, 31] Size of the nanoparticles was characterized by scanning electron
microscopy (SEM) and dynamic light scattering (DLS). The diameter of
the IOMNPs, SNPs, S-IOMNPs and C-IOMNPs was found from SEM
(Fig. 2) to be in the range of 45–60 nm, 35–55 nm, 80–150 nm and 30–50
nm, respectively.

Their hydrodynamic sizes were found from DLS to be, 292 � 7 nm,
279.5 � 17, 203 � 10 and 190 � 6, respectively (Fig. 3a). Coating of
silica on IOMNPs increases the particle size [32] while the coating of
chitosan decreases the same owing to the affinity of chitosan for negative
5

surface charge of IOMNPs. This observation is consistent with previous
reports regarding the dispersion behavior of biomolecule-conjugated
nanoparticles [5, 33]. Magnetic dipole-dipole interactions and van der
Waal's forces generated from residual magnetic moments have been
suggested as leading to agglomeration of the particles. Stabilization of
the magnetic nanoparticles has been sought through electrostatic repul-
sion that can be achieved by coating the particles with an electrical
double layer. Chitosan is one among several non-magnetic substances
that has been used to stabilize the magnetic nanoparticles. Chemical
modification with APTES and glutaraldehyde (C5 linker) reduced the
particle sizes [34]. The average hydrodynamic diameter for C5-IOMNPs
is 239 � 17 nm. Increase in the length of linkers leads to a progressive



Fig. 6. Loading efficiency of (a) nanoconjugates with different chemical linkers and, (b) nanoparticles with different compositions.
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increase in the size of IOMNPs. The size of C5-IOMNPs, C6-IOMNPs,
C14-IOMNPs and C22-IOMNPs are 200 � 8 nm, 220 � 6 nm, 318 � 10
nm and 384 � 5 nm, respectively as determined by DLS (Fig. 3b).

Crystalline structures of IOMNPs, SNPs and S-IOMNPs and C-IOMNPS
were determined by XRD patterns. The XRD profile of IOMNPs displayed
diffraction peaks at 30.28, 35.657, 43.39, 53.7, 57.31 and 62.91 (2θ)
(Fig. 4). These were characteristic of the typical cubic Fe3O4 (JCPDS, #
Fig. 7. Catalytic activity of nanobiocatalysts via DNS assay on constructs with (a)

6

65-3107) and was confirmed by ICDD database showing 100% purity.
The peaks were assigned to the (220), (311), (400), (422), (511) and
(440) planes. The characteristic peaks at 2θ, 21.228 and 33.158 were
absent in the XRD profile suggesting the absence of other oxides namely
goethite (FeOOH) and hematite (Fe2O3) further highlighting the purity of
IOMNPs [32]. No distinct change in the crystal structure was observed
after the coating of silica on IOMNPs (S-IOMNPs) and for chitosan coated
different linkers on IOMNPs, and (b) different compositions of nanoparticles.



Table 1
Kinetic parameters of free cellulase and nanoconstructs.

Kinetic Parameter Free Cellulase Cellulase@IOMNP Cellulase@C-IOMNP

KM (mM) 10.52 11.23 11.09
Vmax (mM/min) 19.88 25.31 26.95
Vmax/KM (min�1) 1.88 2.25 2.43
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IOMNPs. However, the intensity of diffraction peaks were lower possibly
due to surface modification by amorphous material [35, 36]. The XRD
pattern of SNPs corresponds to characteristic amorphous nature of silica.

The attachment of linkers and immobilization of cellulase enzyme to
the different nanoparticles such as IOMNPs, SNPs, S-MNPs and C-
IOMNPs was investigated by FT-IR. The broad adsorption peaks at
Fig. 8. HPLC Chromatograms of onion extract upon hydrolysis by (a) bare cellul
C22-IOMNPs.
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around 580 cm�1 are characteristic peak of Fe–O bond (Fig. 5) [36]. The
presence of amine groups on different nanoparticles was evident by the
presence of two broad peaks at 3435 and 1600 cm�1, which are assigned
to the N–H stretching vibration and N–H bending respectively [37]. The
covalent attachment of aminopropylsilane groups is mainly due to their
self-polycondensation leading to a highly cross-linked polysiloxane film
entrapping each magnetic nanoparticle. Thus, Fe–O–Si bonds are masked
in the FT-IR spectrum by overlapping Fe–O vibrations of magnetite at
580 cm�1 [38].

On the other hand, formation of silane layer on the surface of nano-
particles was confirmed by peaks at 1049 and 1018 cm�1 which corre-
spond to the Si–OH and Si–O–Si groups, respectively. The peaks observed
at 2918 and 2846 cm�1 are assigned to the alkyl chain (–CH2) stretching
vibrations due to the symmetric and the asymmetric CH2 stretching
ase (0.5%), (b) Ez-C5-IOMNPs, (c) Ez-C6-IOMNPs (d) Ez-C14-IOMNPs (e) Ez-



Fig. 9. HPLC Chromatograms of onion extract upon hydrolysis by (a) Ez-C5-IOMNPs, (b) Ez-C5-SNPs (c) Ez-C5-S-IOMNPs (d) Ez-C5-C-IOMNPs.
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modes,respectively [39]. For SNPs, the peak at 3423 cm�1 is assigned to
surface hydroxyl groups (stretching mode) while the band at 1635 cm�1

corresponds to O–H vibration of absorbed water [40]. Peaks at 795 cm�1

and 454 cm�1 are assigned to the stretching vibrations of the mesoporous
Table 2
Calculated and observed mass of polyphenols extracted from onion skins.

Compound
(Polyphenols)

Retention Time of
Standards (min)

Calculated
Mass

Observed
Mass

Quercetin 13.8 302.238 303.0779
Quercetin -3
-Glucoside

5.4; 6.9; 8.5 464.38 465.1506

Quercetin-3,40-
Glucoside

3.5 626.52 627.1548

8

framework (Si–O–Si) and the peak at 960 cm�1 is attributed to Si–OH
bond stretching [41].

The characteristic bands of chitosan on IOMNPs are at 3420 cm�1

(O–H stretching and N–H stretching vibrations), 1645 cm�1 (amide), and
1076 cm�1 (C–O–C stretching vibration) (Fig. 5). These indicated suc-
cessful generation of Fe3O4–chitosan particles [33]. Peaks at 1635 and
1554 cm�1 correspond to the C––O stretching of amide groups and N–H
bending of amide groups, respectively, that confirm the covalent
attachment of enzyme on nanoparticles [35].
3.2. Immobilized-enzyme loading efficiency

The loading of cellulase on C5-IOMNPs, C6-IOMNPs, C14-IOMNPs
and C22-IOMNPs were determined by BCA assay to be 86%, 73%, 79%



Fig. 10. Release of Quercetin from onion skins over time in samples treated
with no enzymes, bare enzymes and MNP-enzymes.
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and 82%, respectively (Fig. 6a). This pattern of enzyme loading is
indicative of a specific linker chain length as being more conducive to-
wards packing efficiency on the nanoparticle surface. The interplay of
surface charge and linker length in achieving optimal surface coverage
has been reported previously [42]. Interestingly, linker lengths were not
found to have a significant effect on loading efficiency of small organic
molecules on magnetic iron oxide nanoparticles [43]. The larger moiety
namely cellulase conjugated in the present work may be better at
amplifying differences in the linker length-associated surface coverage
on nanoparticles. Activity of xylanase immobilized on magnetite nano-
particles have been previously reported to vary significantly with linker
length [44]. Chitosan coated magnetic nanoparticles (C5-C-IOMNPs)
exhibit the highest loading efficiency (92%) while C5-SNPs and
C5-S-IOMNPs display enzyme loading of 74% and 67%, respectively
(Fig. 6b). The improvement in loading efficiency from SNPs to chitosan
coated magnetic nanoparticles can be attributed to the favourable surface
charge in the latter that enables better packing of the alkyl linkers [45].
3.3. Catalytic activity and kinetics of cellulase nano-biocatalysts

The catalytic activity of nanobiocatalysts was determined by DNS
assay. A comparison of catalytic activity of cellulase immobilized on
IOMNPs of different linker lengths is shown in Fig. 7a.

While C5-IOMNPs display modest improvement in immobilized
cellulase activity when compared to the bare enzyme, progressively
longer linker lengths are found to result in decreasing enzyme activity.
Considering the similar loading efficiencies of cellulase on each of these
Fig. 11. Comparison of the percentage Quercetin present in onion extract after (
nanobiocatalysts with different compositions.
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constructs (Fig. 6), the lower enzyme activity for constructs bearing
longer linker lengths is attributable to blockage of enzyme active site by
the linker alkyl groups. Heavily loaded enzymes on nanoparticles have
been suggested as counterproductive to enzyme activity due to steric
blockage of active sites [4]. In this regard, C22-IOMNPs offer signifi-
cantly greater hydrophobic surface for adhering to immobilized enzymes
as compared to the shorter linkers. This possibly manifests in poorer
access to the enzyme active site thereby lowering its activity. A com-
parison of immobilized cellulase activity for different nanomaterials
albeit with the same linker length indicates chitosan coated IOMNPs as
being most active (Fig. 7b). As shown in Fig. 7b, the variation in activity
of cellulase mirrors and in fact amplifies the corresponding loading ef-
ficiency of each nanoconstruct. Enzyme kinetics of free cellulase and
C5-IOMNPs were evaluated and the kinetic parameters are listed in
Table 1. Interestingly, both the Ez-C5-IOMNP and Ez-C5-C-IOMNP
exhibit somewhat inferior KM as compared to free cellulase. This may
be attributed to hindered access to enzyme active sites. Nevertheless, the
enhancement in Vmax sufficiently offsets increased KM and a 30% higher
Vmax/KM results for the chitosan-coated nanoconstructs. Similar
enhancement in catalytic efficiency of immobilized enzymes albeit with
increase in KM has been reported before [46, 47]. Cellulase immobilized
on chitosan-coated IOMNPs display superior catalytic efficiency based on
the greater Vmax of the nanoconstructs. While magnetic chitosan nano-
particles have been explored previously for cellulase immobilization
[48], their relative performance vis-�a-vis other nanoconstructs have not
been scrutinized. These results clearly demonstrate the importance of
linker lengths in conjunction with nanomaterial identity in determining
immobilized cellulase activity. We next applied these nanoconstructs on
onion skins and monitored the product profile.
3.4. Application of immobilized cellulase on onion skins

We have previously used cellulase-immobilized nanoparticle con-
structs for the efficient extraction of carotenoidic pigments from peel of
oranges [5]. The application of cellulase immobilized nanoparticles on
onion skins was studied by HPLC. Overnight digestion of onion skins by
nanoconstructs was followed by HPLC analysis of the resulting
supernatant.

Chromatographic comparison with standards (Fig. 8 and Fig. 9) and
mass spectrometric characterization of the extracted compounds led to
their identification as quercetin and quercetin di- and monoglucosides
(see Table 2). While the extraction of quercetin from onion skins has been
explored using a variety of techniques [49] including enzyme-assisted
methods [50], the fate of quercetin-glucosides has received less atten-
tion. The application of various cellulase immobilized MNPs on onion
skins results in distinctive distribution of quercetin in free and glycosidic
forms as compared to the use of bare enzyme. A similar inference has
been made in a recent report on use of cellulase and pectinase for
a) hydrolysis by nanobiocatalysts with different linkers and (b) hydrolysis by
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extraction of quercetin from onion skins [50].
Further, the release of quercetin from onion skins was monitored over

time after treatment with cellulase-MNPs. In samples that were treated
with free cellulase the release of quercetin was attenuated between 4-6
hrs (see Fig. 10). In contrast, use of cellulase-MNP conjugates resulted
in substantial release of quercetin beyond 8 hrs of treatment of the onion
skins.

A comparison of IOMNP-immobilized cellulase bearing different
linker lengths with respect to the hydrolysis of quercetin glycosides
clearly reveals the superiority of the APTES- conjugated nanobiocatalysts
(see Fig. 11a). In fact, the hydrolysis of mono- and diglucosides of
quercetin to their aglycosidic form can be easily correlated to catalytic
activity of the nanoconstructs as determined by the DNS assay (see
Figs. 11b and 7b). Similarly, when comparing different nanoparticles
bearing the same linker length, chitosan-coated IOMNPs is most effective
in the conversion of quercetin glycosides to free quercetin (see Fig. 11b).
The efficiency of cellulase-nanoconstructs towards hydrolysis of quer-
cetin glycosides mirrors the catalytic efficiency as measured by the DNS
assay. The results obtained on onion skins are consistent with behaviour
of cellulase-nanoconstructs on standard quercetin diglucoside and mon-
oglucoside. Our results indicate that APTES-glutaraldehyde is the opti-
mum chemical linker and chitosan-coated iron oxide the best
nanomaterial for cellulase immobilization.
3.5. Reusability of nano-biocatalysts

Recyclability of Ez-C5-IOMNPs and Ez-C5-C-IOMNPs nano-
biocatalysts was assessed on onion extract. Once, the hydrolysis of onion
skins had been performed, the nanobiocatalysts were magnetically dec-
anted from reaction mixture and used for next cycle of hydrolysis. Cat-
alytic activity of reusable magnetic nanobiocatalysts for the first cycle
was considered 100%. Nanobiocatalysts were reused for five cycles with
87% and 91% catalytic activity being recovered in fifth cycle, respec-
tively, for Ez-C5-IOMNPs and Ez-C5-C-IOMNPs (Fig. 12).

4. Conclusions

We have investigated the nanoparticle and chemical linkage in
different cellulase nanobiocatalysts in an attempt to optimize these
components for effective hydrolytic activity of the enzyme. Chitosan-
coated iron oxide nanoparticles with APTES-conjugated cellulase are
found to possess the best enzyme loading and catalytic activity. The
optimized nanoparticle identity and linker length are highlighted
through application on onion skins. The distribution of aglycosidic and
glycosidic forms of trapped polyphenol quercetin bear a distinctive
10
correlation with the activity of nanobiocatalysts. These results are
important for the practical application of immobilized cellulase and
suggest an alternative strategy for measurement of cellulase activity.
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