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A B S T R A C T

In the present work, tomato peels were pre-treated using combination of ultrasound and enzyme co-immobilized
amino-functionalized magnetic nanoparticles (AMNPs) for the efficient release of lycopene. To achieve max-
imum activity of enzymes in the co-immobilized form, optimization of several parameters were carried out.
Moreover, the influence of ultrasound and enzyme co-immobilized magnetic nanoparticles on lycopene release
was studied. Maximum lycopene release was obtained at 3% (w/w) enzyme co-immobilized AMNPs, pH 5.0,
temperature of 50 °C, at 10W ultrasound power and 20min incubation time. After enzymatic pre-treatment,
lycopene from the pre-treated mixture was extracted and separated using tri-solvent extraction method.
Maximum recovery of lycopene using solvent extraction was obtained at 50 °C, 90min of incubation time and
agitation speed of 150 rpm. The presence of lycopene in the extract was confirmed by FT-IR, UV–vis spectro-
scopy and HPLC analysis. The co-immobilized bio-catalyst showed excellent reusability giving more than 50%
lycopene yield even after 6th cycles of reuse.

1. Introduction

Tomatoes are one of the widely grown and the most preferred
garden crops. Every year several million tons of tomatoes are produced
and are processed for multiple tomato products consisting of pastes,
purees, canned tomatoes, juices and sauces [1]. During this manu-
facturing process, a huge amount of waste called as tomato pomace
which consist of pulp, tomato seeds, and peels are generated [2]. The
tomato pomace is generally considered as a waste and has no viable
importance and presently it is used as an animal feed or directly dis-
posed off [3]. Although these waste have no commercial value but, it
contains various valuable bioactive compounds such as β carotene,
ascorbic acid, tocopherols and lycopene. Out of all these bioactive
moieties, lycopene is of utmost important and is highly responsible for
red color of tomatoes and is very expensive in terms of its commercial
value [4]. Therefore, the waste tomatoes are considered as a cheap
source of this value added carotenoid. Lycopene, is a tetraterpenic
hydrocarbon with 13 carbon (C]C) double bonds, out of which 11 are
conjugated [5]. Lycopene is considered as one of the most potent an-
tioxidants due to its high degree of conjugation. The application of
lycopene in several sectors has been significantly increased and hence it

has now received considerable attention. The widespread applications
of this value added compound includes pharmaceuticals, foods, cos-
metics, and it is also utilized as an antioxidant, natural dye, antiaging,
and anti-cancer agent [6]. Because, of its potential antioxidant property
it is useful in the treatment of prostate cancer and cardiovascular dis-
eases. In ripe tomatoes, lycopene is present in almost all parts such as
pulp, water-insoluble fraction and in peels. The significant quantity of
this red pigment (lycopene) (72–98%) is predominantly present in the
peels [2].

For the past few years, ultrasonication which is also known for its
versatile feature of green chemistry, is widely used in the area of che-
mical technology. The applications include in preservation, processing
and enhanced extraction of various bioactive moieties from cellular
compartments [7]. There are many benefits of ultrasonication over
microwave, heating and supercritical methods of extractions for fla-
vonoids. Recently, research is more focused on the development of
extraction protocols for lycopene in which the use of enzyme assisted
extraction is most favored [8,9]. Pectin and cellulose are the main
constituents of plant cell wall matrix hence, enzymes viz. cellulase and
pectinase are widely used for the enzyme aided extraction processes
[4]. However, there are very few literatures which have described the
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successful use of enzymes for the release of lycopene from tomato tis-
sues [1]. Recently, Konwarh et al., (2012) studied the mutual outcome
of enzyme and sonication for the effective release of lycopene from
tomato peels and got excellent results. But, the use of enzymes in their
native form leads to the waste as it is very difficult to recycle them after
completion of reaction. Several reports are there in which enzymes
have been successfully immobilized on various supports viz. glass and
sodium alginate beads, matrix entrapment, carbon nanotubes etc.
Nowadays enzyme immobilization on magnetic nanoparticles (MNPs)
has gain tremendous attention due to the capability of MNPs to bind
more enzymes due to high-surface area available, high enzyme stabi-
lity, and more importantly ease in separation using an external magnet
after the completion of reaction [10]. There is not a single report in
which immobilized enzymes has been successfully utilized for lycopene
extraction from tomato peels or any other sources.

There are several reports in which mild sonication conditions were
used to increase the activities of cellulase and pectinase [11,12]. And,
in our previous work, we have reported that, under mild sonication
conditions cellulase immobilized MNPs showed significant enhance-
ment in the activity [13]. Also, it has been observed that under the
influence of ultrasonic irradiation, there is increased in lycopene release
from the tomato peels [14]. Recently, cellulase and lysozyme were
successfully co-immobilized on AMNPs and was effectively utilized for
an efficient release of lipids from micro-algae [15].

Considering all these aspects, in the present work, the aim was to
study possible synergistic effects of sonication and co-immobilized en-
zyme for the efficient extraction of lycopene from waste tomatoes.
Moreover, various parameters were optimized for the co-immobiliza-
tion of both enzymes on AMNPs. Effect of time, pH, temperature and
sonication power on the release of lycopene was extensively studied.
Also, optimization of tri-solvent extraction was carried out to increase
the overall yield of lycopene from the tomato peels.

2. Materials and methods

2.1. Materials and chemicals

The undetoriated fully ripened waste tomatoes were obtained from
the local market of Matunga, Mumbai. APTES (3-aminopropyl-
triethoxysilane), pectinase, pectin, cellulose (CMC-medium viscosity)
and fluorescein isothiocyanate (FITC) were procured from Hi-Media
(Bangalore, India). Cellulase was obtained from Novozymes Pvt. Ltd.
Glutaraldehyde 25% (w/v), sodium hydroxide (NaOH), were the pro-
duct of Thomas bakers (Mumbai, India). FeCl3·6H2O, FeCl2·4H2O,
ethanol, acetone, hexane (99.0%) and DNS (3,5-dinitrosalicylic acid)
were obtained from S.D. fine chemicals Ltd. (Mumbai, India). All the
other reagents were of analytical grade with their highest purity.

2.2. Amino functionalization of magnetic nanoparticles (AMNPs)

Proceeding to amino-functionalization, first step is the preparation
of magnetic nanoparticles (MNPs). The MNPs were prepared as per our
previous work by chemical co-precipitation method [10]. The prepared
MNPs were then subjected for amino-functionalization using APTES as
a coating agent [13]. For this, 100mg MNPs were added in ethanol and
water mixture (50:50) and were kept for sonication (5 min) for com-
plete dispersion. The amino-functionalization reagent (APTES) was
then added slowly into the mixture and solution was then kept for
stirring using overhead stirrer for 8 h. Subsequent to stirring, the
amino-functionalized MNPs were separated magnetically and washed
with ethanol and deionized water (3 times each) for the removal of
unbound reagent. The AMNPs were then dried and stored under
moisture free condition.

2.3. Enzyme co-immobilization on AMNPs

For enzyme co-immobilization of pectinase and cellulase on AMNPs,
glutaraldehyde (GA) was used a cross-linking reagent [17]. In brief,
AMNPs (50mg) were added in acetate buffer (30mL, 0.1 M, pH 5.0)
and enzymes (with known activities) followed by glutaraldehyde
(40mM) were added to the mixture. The entire solution then kept for
stirring at ambient condition (30 ± 1 °C) for 2 h. After proper mixing,
enzyme grafted AMNPs were separated using an external magnet and
rinsed with buffer (pH 5.0, 0.1M). The amount of enzymes (in the form
of proteins) in the supernatant after each wash were quantified using
Bradford method [18]. The quantity of enzyme co-immobilized on
AMNPs was calculated using following Eq. (1).

=

−C V C V
C V

Percentage immobilization(%) int int fin fin

fin fin (1)

where, Cint & Cfin = Initial and final protein content (mg/mL), Vint &
Vfin = Initial and final amount of solution (mL).

To achieve maximum enzyme loading and to recover maximum
activity, various parameters viz. concentrations of GA, time for cross-
linking, ratio of enzymes to AMNPs were studied [17]. The activity (%)
retained in the co-immobilized form was determined as (Eq. (2)):

=
×

Activity recovery(%)
Activity of immobilized enzyme(U) 100

Activity of free enzyme used for enzyme immobilization(U) (2)

2.4. Enzyme activity assays

The activities of both enzymes in free and co-immobilized form
were calculated using standard enzyme assay protocol. For pectinase
activity, pectin was used as the substrate. In detail, pectin (1% w/v) was
dissolved in acetate buffer (0.1M, pH 5.0) followed by pectinase ad-
dition [19]. The solution was then incubated in water bath (40 °C), after
20min, DNSA (1 mL) was added into the solution and kept in boiling
water bath (10min) and cooled. The change in the color of solution was
then measured at 470 nm using UV spectrophotometer. The unit ac-
tivity of pectinase (1U) is defined as the amount of pectinase necessary
to release a µmole of D-galactouronic acid from pectin under optimized
assay conditions.

The activity of cellulase enzyme was measured using CMC as the
substrate. In this, enzyme (cellulase-1 mL) was added in CMC solution
(1% w/v, 0.1M sodium acetate buffer, pH 5.0) and was kept in water
bath for incubation (40 °C, 30min) [13]. After 30min, DNSA was added
into the solution and kept for boiling in water bath for 10min. The
amount of glucose produced was then estimated spectrophotometrically
at 540 nm. The unit activity of cellulase (1 unit) is defined as the
amount of cellulase necessary to release one µmole of glucose from
CMC under optimized conditions. For co-immobilized enzyme same
protocols were used, with only the difference of the magnetic decan-
tation of co-immobilized enzyme before DNSA addition.

2.5. Thermal deactivation studies

The kinetics of thermal deactivation for both enzymes before and
after co-immobilization was studied by incubating enzymes (free and
co-immobilized) at 50, 60 and 70 °C in acetate buffer (0.1M, pH 5.0)
separately. After every 30min, till 120min of incubation time, the
samples were removed, cooled and analyzed for the presence of any
residual activity [20]. The thermal deactivation rate constant (kd) was
then calculated by plotting a semi-log plot of residual activity vs. time.
Using 0.693/kd, the half life (t1/2) of enzyme was calculated. Half life of
enzymes is the time necessary for activity to decrease to half of its in-
itial activity. Further, Arrhenius plot was used to calculate the deacti-
vation energy (Ed) of enzymes in both free and immobilized form.
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2.6. Preparation of tomato peels powder and determination of total
lycopene content

The lycopene content of tomato peels was determined as per our
previous work [19]. Briefly, tomatoes were washed with fresh water
and kept in water bath (60 °C, 15min) for easy peeling. The peels were
then dried in vacuum oven (40 °C) and powder was prepared using
mortar pestle, then sieved and kept in an air tight polythene bags (high-
density) at cold condition [2]. The lycopene content in the extract was
determined spectrophotometrically [9]. The tomato peels mixture with
and without pretreatment was extracted using tri-solvents viz. acetone,
ethanol and hexane in the ratio of 1:1:2 (v:v:v). After this, water
(deionized) was used for the phase separation. The upper layer of sol-
vent was collected and the absorbance was measured at 503 nm. The
amount of lycopene present in the extract was calculated as 1 µg/g and
then converted to mg/100 g.

=
× ×μLycopene( g/g) A 31.2 Diltution

amount of sample
503

(3)

2.7. Characterization of MNPs, AMNPs, enzyme co-immobilized AMNPs
and lycopene

The surface modification of MNPs, enzymes binding on AMNPs and
presence of lycopene in the extract was confirmed by Fourier transform
infrared (FT-IR) spectroscopy (IRPrestige-21, Shimadzu) in the range of
400–4000 cm−1. The binding of enzymes on AMNPs was also con-
firmed by confocal scanning laser microscopy (CLSM) (DMi8 micro-
scope and SP8 scanner Leica, Germany) by tagging enzymes using
fluorescein isothiocyanate (FITC) [21]. The crystalline structure and
phase changes in MNPs before and after modifications were studies by
XRD analysis (XRD D-8 advance, Bruker Axs GnbH, Berlin Germany).
The surface morphologies of MNPs before and after enzyme co-im-
mobilization were observed using field emission gun scanning electron
microscopy (FE-SEM) analysis (TESCAN MIRA 3 model). The magnetic
behavior of bare MNPs and enzyme co-immobilized AMNPs were
evaluated using vibrating sample magnetometry (VSM analysis, Lake-
Shore-7407, USA) at room temperature. The absorbances were recorded
on UV-double beam spectrophotometer (UV-1800, Shimadzu). The
presence of lycopene in the extract was confirmed by HPLC analysis
(Thermo Fischer, ultimate 3000).

2.8. Pre-treatment of tomato peels using ultrasound and co-immobilized
enzyme on AMNPs

The main focus of this study is to study the effect of ultrasound and
enzyme co-immobilized AMNPs for the pre-treatment of tomato peels.
For ultrasound irradiation, temperature controlled ultrasonic bath op-
erated over power dissipation range of 2–120W at fixed frequency of
20 kHz was used throughout the experiment (Dakshin, Mumbai
(India)). The major constituent of tomato peels constitutes of pectin
network followed by cellulose therefore, both pectinase and cellulase
were used together for the pre-treatment studies [4]. For maximum
release of lycopene using enzymatic pre-treatment, parameters viz.
concentration of co-immobilized enzyme, sonication power, pH, tem-
perature, and incubation time were optimized.

2.9. Extraction of lycopene using tri-solvent method

After optimization of tomato peels pre-treatment, next step is to
recover lycopene using tri-solvent extraction (ethanol, acetone and
hexane) as per the protocol previously given by Ranveer et al., (2013).
Enzyme co-immobilized AMNPs were magnetically decanted from the
reaction mixture and tomato peels were then mixed with tri-solvents
consisting of ethanol (12mL), acetone (12mL with 0.05% BHT), hexane
(24mL), deionized water (12mL) and incubated at 120 rpm, at

35 ± 2 °C for 90min [1]. For better extraction of lycopene, optimiza-
tion of various parameters was carried out. For temperature optimiza-
tion, the reaction mixture was incubated at a wide range of temperature
(25–55 °C), 120 rpm and incubated for 90min. The incubation time was
further optimized by incubating reaction mixture at 120 rpm for a range
of incubation time (0.5–3 h and at optimized temperature). Further, the
agitation speed was optimized by shaking the reaction mixture at dif-
ferent agitation speed (50–300 rpm and at optimized temperature and
time) [19]. The lycopene content in the extract was spectro-
photometrically detected as before.

2.10. Reusability and storage stability of enzyme co-immobilized AMNPs

One of the main applications of enzyme immobilization is its reu-
sability after completion of reaction. To study this, the prepared en-
zyme co-immobilized magnetic nano-biocatalyst were subjected for
reaction under all optimized parameters and after each reaction, the co-
immobilized biocatalyst was separated magnetically (washed with
buffer) and reused again for the next batch of reaction. The first yield of
lycopene using co-immobilized enzyme was considered as 100% and
was compared with all reusability study reactions. Further, the storage
stabilities of co-immobilized enzymes were calculated by measuring
their activities over a period several days. The co-immobilized enzymes
were stored in acetate buffer (pH 5.0, 0.1 M) at room temperature and
the activities of both enzymes were determined after an interval of five
days each up to 30 days [17].

3. Results and discussion

3.1. Co-immobilization of pectinase and cellulase on AMNPs

The process of enzyme co-immobilization involves the binding of
enzymes onto AMNPs using a suitable cross-linker (glutaraldehyde).
The process of binding more than one enzyme on AMNPs is called as co-
immobilization method [22]. In the co-immobilization process, glu-
taraldehyde reacts on the amino groups of both enzymes and AMNPs to
form a strong covalent bond [16]. The optimization of this cross-linking
agent is very crucial as at its low concentration, lesser amount of en-
zymes get immobilized to give lesser activity recovery while exceeding
the concentration will form a more rigid structure hence hindering the
enzyme active sites.

Optimization study revealed that there was an increase in the ac-
tivity recoveries of both enzymes by increasing the concentration of
glutaraldehyde up to 30mM however; when the concentration exceeds
above 30mM, it resulted in decreased activity (Fig. 1A). This illustrates
that at lower concentration of this cross-linking agent there must be the
leaching of enzymes into the reaction mixture hence poor activity re-
covery. The leaching of enzymes was also detected in the supernatant
obtained after the completion of reaction. However, at higher con-
centration, there were some conformational changes in the enzymes
which were as a result of excessive interaction of both enzymes and
AMNPs with excessive aldehyde group to form a more rigid structure
which hinders the active sites of the enzymes [23].

Second important parameter while preparation of co-immobilized
AMNPs is the cross-linking time. It is the time necessary to capture
maximum initial activity of the enzymes on AMNPs. For this, the re-
action mixture containing enzymes, AMNPs and cross-linker were
subjected to cross-linking reaction at different intervals of time. From
the results it has been found that, time period of 2 h was the optimum
cross-linking period to get maximum activity recoveries of (pectinase
85% and cellulase 80%) both enzymes (Fig. 1B). However, time period
than 2 h, gave less activity recoveries of both enzymes which were at-
tributed to insufficient cross-linking of enzymes and AMNPs using
glutaraldehyde. Moreover, time period of above 2 h resulted in lesser
activity recoveries, this might be due the fact that, prolonged exposure
to cross-linking resulted in restriction of enzymes flexibility eliminating
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enzyme activity due to intensive cross-linking [17].
Ratio of AMNPs to enzymes (w/v) is also an important factor which

has to be considered during the co-immobilization process. For this,
AMNPs (of known quantity) were subjected to cross-linking by varying
the enzymes concentration (w/v). Results showed that enzymes showed
maximum activity recovery at the ratio of 1:4 (w/v) with enzyme
loading of more than (Fig. 1C). However, at lower ratio, the recovered
activity was less which might be due to lesser availability of amino
groups in enzymes to cross-link on AMNPs. Similarly, at higher enzyme
concentration the activity recovery got reduced even though higher
enzyme loading of more than 80% was observed. This could be due to
excess of enzyme present in the reaction mixture to form a more rigid
co-immobilized structure hence hindering the active site of enzymes
[13].

3.2. Physicochemical characteristics of co-immobilized enzymes on AMNPs

FTIR spectroscopy is one of the important tools to reveal the con-
firmation and binding of enzymes on AMNPs. The appearance of peak
at 579 cm−1 on the spectra of enzyme co-immobilized AMNPs were
contributed to absorption of Fe-O group of magnetic nanoparticles (Fig.

S1A). Characteristic peaks subsequent to the amide bond (C]O and
CeN) appeared at 1448 and 1625 cm−1 which confirms the surface
functionalization of MNPs. Finally, occurrence of bands at 1043 and
1396 cm−1 confirmed the successful binding of enzymes on AMNPs
(Fig. S1B) [24].

The surface morphology and size distribution of MNPs and enzyme
co-immobilized AMNPs were observed by scanning electron microscopy
(SEM) (Fig. S2A and B). Results clearly indicated that bare AMNPs and
enzyme co-immobilized AMNPs are smooth and spherical and have size
below 50 nm. It has been also observed that, AMNPs after enzyme co-
immobilization remained distinct without forming agglomeration and
have almost the same characteristics as that of unbound AMNPs [25].
Hence, the process of co-immobilization indicated no change in the
morphologies of MNPs even after enzyme co-immobilization.

The crystallinity and phase changes of the AMNPs before and after
enzyme co-immobilization were studied by XRD analysis (Fig. S3). It
has been observed that the indices of both before and after enzyme
immobilized AMNPs were same. These results clearly indicated that,
even after enzyme co-immobilization there was no significance differ-
ence in the phase change [26]. Also, the appearance of sharp diffraction
peaks before and after enzyme co-immobilization on AMNPs showed

Fig. 1. Effect of glutaraldehyde concentration (A); cross-linking time (B); and ratio of AMNPs to enzymes (C) on the activity recovery of co-immobilized enzyme on
AMNPs. The measurements were performed in triplicate and the error bar represents the percentage error.
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that the particles are crystalline in nature with no impurity peaks.
Recently, the surface grafting using aminosilane and successful en-

zyme biding on various supports was confirmed by FITC labeling pro-
tocol. The dye FITC binds to the amino-functional groups of AMNPs and
enzyme co-immobilized AMNPs and observed under CLSM under ex-
citation and emission wavelengths of 488 and 535 nm [21]. From the
results, it has been observed that the bare MNPs showed no fluores-
cence (Fig. 2A) however, AMNPs and enzyme co-immobilized AMNPs
showed emission of a clear green fluorescence which visually confirms
the successful APTES coating (Fig. 2B) and enzymes loading on AMNPs
(Fig. 2C).

One of the main properties of MNPs is being magnetic in nature and
it was evaluated using Vibrating sample magnetometry (VSM) analysis.
Results indicated that, the magnetization saturation value of bare MNPs
was 58.39 emu/g, however after modification of MNPs with aminosi-
lane group and enzyme co-immobilization, the magnetization satura-
tion value decreased to 38.44 emu/g (Fig. 3). This decrease in satura-
tion values of MNPs before and after modification confirmed the
successful alteration of MNPs with enzymes and APTES. Grafting of
both enzymes and APTES decreased the strength of magnetic field on
MNPs which obstructs the arrangement of magnetic power in material
hampering the lower saturation values than the native MNPs [27].

3.3. Thermal deactivation studies

The stability of enzymes (before and after co-immobilization) to-
wards temperature was evaluated as rate constant kd (thermal deacti-
vation) and half life (t1/2) [28]. It has been found that the kd values of
both the enzymes viz. pectinase and cellulase before immobilization
(free form) is lower than after co-immobilization (Fig. 4A and B). Also,
there was an enhancement in half life of co-immobilized enzymes al-
most by 3 folds compared to their native form. This increase in half life
could be due to the formation of covalent bonds between enzymes and
AMNPs using glutaraldehyde. This covalent cross-linking was helpful to

maintain the active tertiary structure of enzymes in the co-immobilized
form hence better thermal stability.

Additionally, the deactivation energy (Ed) was calculated using
Arrhenius plot (Fig. 4C and D). Higher the value of deactivation energy
higher will be the thermal stability of enzyme molecules [29]. From
results it has been found that Ed value of free and co-immobilized
pectinase was 15.41 and 46.32 kJ/mol respectively. However, for free
and immobilized cellulase the Ed values were 23.84 and 41.08 kJ/mol
respectively. This clearly indicated that additional energy was needed
to rupture the active substantiation of enzymes after co-immobilization
which was formed due to the rigid bond formation using glutar-
aldehyde.

3.4. Lycopene content of market waste tomato

The waste tomato peels were first evaluated for the lycopene con-
tent without any pre-treatment method (using conventional method)
and the lycopene content was found to be 96.4 ± 3.3mg/100 g on dry
basis. Many researchers have also reported a wide range of lycopene
content in tomato peels which is ranging from 90 to 190mg/100 g on
dry basis. The reported lycopene content values are based on conven-
tional extraction methods. Considering these reported values, the ly-
copene content of tomato peels selected for this work is in the given
range. However, it is very difficult to extract maximum lycopene con-
tent from the tomato peel tissue using conventional methods of ex-
traction. The possible reason for this is the presence of lycopene in
tomato peels. Lycopene is primarily originated in chromoplasts of the
peel, and is deeply rooted inside the membrane structures; this is the
region where the synthesis enhances rapidly during the ripening pro-
cess [1]. Thus, due to complex location of lycopene, solvents used for
the extraction process are not able to penetrate inside the tissues, which
consist of complex materials along with a variety of polysaccharides
(cellulose, pectin, and hemi-cellulose). The extraction efficiency can’t
be improved even with high amount of solvents due to oxidative de-
gradation of lycopene. Therefore, enzymes were utilized to degrade
these polysaccharides for enhanced release of lycopene.

3.5. Optimization of co-immobilized enzyme and ultra-sonication assisted
release of lycopene

Tomato peels were pre-treated using only ultra-sonication (5–30W),
only enzyme co-immobilized AMNPs (0–5%) and combination of both
ultra-sonication and co-immobilized enzymes. Initially, the ratio of
tomato peels powder to co-immobilized enzymes (w/w) was optimized.
For this, mixture of tomato peels powder and co-immobilized enzymes
were mixed in acetate buffer (pH 5.0, 0.1M) and kept for shaking for
the period of 30min without sonication. The highest release of lyco-
pene (110.82mg/100 g) was obtained at the ratio of 3% (w/w) enzyme
co-immobilized AMNPs and tomato peels powder (Fig. 5A). The lyco-
pene yield was significantly less at concentration of co-immobilized
enzymes below and above 3% ratio. This might be due to the fact that,
lesser availability of enzymes to carry out the hydrolytic reaction at

Fig. 2. Confocal laser scanning microscopy of FITC labeled MNPs (A); APTES grafted MNPs (B); and enzyme co-immobilized AMNPs (C).

Fig. 3. Vibrating Sample Magnetometry (VSM) analysis of bare MNPs and en-
zyme co-immobilized AMNPs.
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lower concentration and when the ratio was high the excessive enzyme
leads to the oxidation of the released lycopene by substrate inhibition
[30].

Another important parameter during pre-treatment using ultra-so-
nication is the sonication power. From the results, it was found that at a
sonication power of 10W, maximum lycopene release has occurred
(114.98mg/100 g). Fig. 5B, clearly indicates that below 10W of soni-
cation power, the lesser extraction could be due to insufficient gen-
eration of cavitation activity to release more lycopene from the peels.
Above 10W of ultrasound power, the lesser extraction was might be
due to the fact that, at high ultrasound power the high energy waves
might denature the enzymes along with degradation of released lyco-
pene in the reaction medium due to the generation of oxidative OH∗
radicals ([13,19].

The incubation time is another important factor which has to be
considered during the enzymatic treatment of tomato peels. It has been
observed that, maximum release of lycopene (118.4mg/100 g) was
occurred at 20min of incubation time (Fig. 5C). Below and beyond
20min of incubation time resulted in less lycopene recovery. The
probable reason for lesser yield might be that, time below 20min is not
sufficient to hydrolyze pectin and cellulosic material hence, poor re-
lease of lycopene. Time above 20min resulted in lesser extraction,
which could be due to oxidation of released lycopene to the sur-
rounding atmosphere when exposed to a longer reaction period.

Results indicated that the release of lycopene using only co-im-
mobilized enzyme and sonication both alone was less compared to the
synergistic effect. The reason could be that, uses of only co-immobilized
enzymes were not sufficient to hydrolyze the cell wall of tomato cells
due to mass transfer limitations. Same was the case with sonication as
the low power ultrasonic irradiations were not sufficient to release the
maximum lycopene content of the tomato peels and difficulty of ul-
trasonic waves to penetrate beneath the chromoplast structure.
However, the synergistic effect of both co-immobilized enzyme and
sonication was significantly higher [30]. The reason for this synergistic
effect is described in the later discussion part.

3.6. The mechanism of ultrasound and enzyme co-immobilized AMNPs

The synergistic effect of sonication and enzyme co-immobilized
AMNPs has resulted into enhanced extraction of lycopene (Fig. 6). The
probable mechanism for this could be that during ultrasonication, the
generation of ultrasonic waves in the solvent leads to the formation of
small vapor filled bubbles. This phenomenon of generation of cavities
inside the solvent is known as cavitation. The process of cavitation
includes the formation of small gas bubbles called nuclei, their growth
and eventual collapse [32]. The dynamics of cavity growth and collapse
depend upon the frequency and amplitude of oscillation, type of liquid,
existence of nucleating agents (like dissolved gases) and the tempera-
ture of liquid. The cavitation nuclei are often observed as gas com-
partments which are steady in the crevices of boundary walls of liquid,
solid surfaces and inside the bubbles. These nuclei grow into cavities
when the surrounding pressure of the liquid drops below its vapor
pressure and they continue to expand till the surrounding pressure re-
mains low. At the end of expansion phase, the cavities violently collapse
and create microscopic shock waves. A huge amount of energy in the
form of localized high pressure and temperature pulse is released due to
the implosion of the cavities when they reach a size above a critical
point. The implosion is asymmetric when it takes place close to a solid
surface. After implosion, the solvent rushes to fill the voids (at speed
near 400m/s) generating shock pressures of 1–5 kPa [30]. During the
compression cycle, cavitation bubbles collapse with the formation of a
microjets which is directed towards the solid surface that is the plant
cell matrix. These microjets are responsible for the enhanced release of
lycopene from tomato peels. During this cascade, the increase in the
localized pressure and temperature opens the cell walls and results in
the release of its content into the medium.

Regarding the effect of enzyme co-immobilized AMNPs, in our
previous study it has been found that under the influence of ultrasonic
irradiation cellulase immobilized MNPs activity was hyperactivated.
Using this concept of enzyme hyperactivation using ultrasonication, in
the present study, the enzyme co-immobilized (Pectinase and cellulase)

Fig. 4. Thermal inactivation kinetics study of free and immobilized pectinase (A); and free and immobilized cellulase (B); and Arrhenius plot for inactivation of free
and pectinase immobilized AMNPs (C); and free and cellulase immobilized AMNPs (D).
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AMNPs were also subjected under the influence of ultrasonication. The
purpose of using two enzymes is described in the previous part. The rate
of enzymatic reaction is dependent upon the diffusivity of the enzyme
and that of the substrate. Ultrasonication of enzymatic reaction under
specific conditions could provide an efficient mass transfer mechanism
for enzyme macromolecule to react with the substrate. Under sonica-
tion condition the rapid collapse of cavitation bubbles generates con-
siderable shear forces in the liquid medium. These shear forces provides
a mechanical stirring effect which significantly increases the mass
transfer to the surface of substrate by disturbing the boundary layer
[31]. This decrease in mass transfer limitations along with enzymatic
hyperactivity is the main factor responsible for the enhanced release of
lycopene into the medium. The optimized sonication parameters for
lycopene release were found to be appropriate for increasing extraction
of lycopene without disturbing the structural integrity and bioactivity
of the extracted lycopene.

3.7. Optimization of processing parameters

The effect of processing parameters viz. pH and temperature on the
release of lycopene was studied. From the results, it has been found that
maximum lycopene (120.07mg/100 g) was released at pH of 5.0 (Fig.
S4A). The enzymes, cellulase and pectinase have their optimal pH of 5.0
[13]. Results indicated that lycopene release was lower at both sides of
optimum pH, which could be due to superior strength of the both en-
zymes at slightly acidic surroundings than towards more acidic and
neutral environment [17].

It was also observed that lycopene release was increased gradually
with increase in temperature till 50 °C (122.33mg/100 g) and de-
creased gradually with further rise in temperature (Fig. S4B). The de-
crease in the lycopene content at elevated temperatures could be due to
enzymatic denaturation caused by the destruction of strong covalent
linkages formed between enzymes and AMNPs ([19,10]. On the other
hand, at high temperature conditions the lycopene released gets

Fig. 5. Effect of enzyme co-immobilized AMNPs concentration (A); sonication power (B) and incubation time (C) on lycopene release. The measurements were
performed in triplicate and the error bar represents the percentage error.
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oxidized eventually giving lower yield [33].

3.8. Optimization of tri-solvents extraction

After enzymatic pre-treatment, next step is to recover maximum
lycopene using tri-solvent extraction technique. For this, the co-im-
mobilized enzyme pre-treated tomato peels were mixed with tri-sol-
vents, namely acetone, ethanol and hexane (1:1:2). This method of
extraction using tri-solvents is proved as one of the easy bio-separation
methods and was successfully utilized for the separation of various
pigments and lipopholic biomolecules from several biological sources.
In this method of tri-solvent extraction, development of three phases
are observed under optimal conditions, in which the precipitated sugars
and proteins are present in the middle layer and extracted pigments and
lipids are extracted in upper most organic layer [34]. Various para-
meters viz. temperature, time and agitation speed were also optimized
for higher extraction yield.

For temperature optimization, the co-immobilized pre-treated to-
mato peels were subjected for different temperature conditions. Results
indicated that, maximum recovery of lycopene (111.8mg/100 g) was
obtained at a temperature of 40 °C (Fig. S5A). Temperature plays an
important role in penetration of solvent inside the matrix of tomato
peels. At temperature, lower and higher than the optimum temperature
there was reduced recovery of lycopene. The reason for lower extrac-
tion at lower temperature could be due to lesser diffusion and the so-
lubility of solvents. However, at elevated temperature there might be a
degradation of the recovered product in spite of higher penetration and
solubility [2].

In order to extract more lycopene, the contact between solvents and
tomato peels plays an important role. The lycopene recovery was found
to be higher with an increase in the extraction time till 90min
(146.6 mg/100 g) and decreased subsequently with subsequent increase
in the time (Fig. S5B). The decrease in the lycopene recovery above
90min could be due to the oxidation and development of transitional
products like apo-lycopene and apo-carotenoids of lycopene due to the
pro-longed exposure to the surrounding medium [35,36].

During tri-solvent extraction process, proper mixing is required
which enhances the product yield. For this, the enzyme pre-treated
tomato peels with tri-solvents were subjected for mixing at various
speeds. During the reaction, the process of agitation not only facilitates
a good contact between solvents and solid particles but also retains
special uniformity for mass and heat transfer. At the time of extraction,
the solvents moves within the solid to the surface of tomato peel by the
process of diffusion. The moment lycopene comes to the surface; it is
removed by the convective mass transfer. From the preset results, agi-
tation speed of 150 rpm was found to be optimal for the maximum
recovery (172.2g/100g) (Fig. S5C). However, the recovery was less,

below and above the optimum value of the processing time. This
probably is due to the fact that, at lower agitation speed, improper
mixing of solvents and tomato peels leads to lower recovery. The exact
opposite case was observed during the higher levels of agitation. At
higher levels of agitation, the formation of vortex, squish effect and
geometry effect could have been responsible for the lower yield [37].

3.9. Spectroscopic studies of extracted lycopene

The lycopene extracted from the tomato peels has to be confirmed
and this was carried out using FT-IR spectroscopy and the λmax was
determined by UV–Vis spectrophotometry. The lycopene extracted in
the upper most solvent layer showed three absorbances peaks at 446,
471 and 508 nm (Fig. S6A). This method of lycopene detection using
UV–vis spectrophotometer is considered as one of the rapid and easiest
methods [9].

Further, from FTIR spectra, appearance of vibrational peak around
864.61 cm−1 corresponds to stretching of CeCeH2 and CeOH groups
of lycopene. A characteristic peak at 1516 cm−1 and 1377 cm−1 vali-
dates the deformation vibration of eCH2 and eCH3 in lycopene mole-
cule respectively. The asymmetric stretching of CeH groups was oc-
curred by the presence of peaks at 2852, 2920 cm−1. The bending of
eCH2 groups was observed at absorbances of 1101 and 1213 cm−1 (Fig.
S6B). These results of FTIR spectrum were in accordance with the
spectrum of standard and extracted lycopene from tomato products
[38]. However, along with FT-IR analysis HPLC was also used for the
confirmation of presence of lycopene in the extract.

HPLC is considered as one of the widely used technique for the
detection of various compounds. It is known for its precise and accurate
results. Hence, for the confirmation of lycopene present in the extract,
HPLC method was used. As lycopene gets oxidized very rapidly when
exposed to the surrounding environment, therefore it is very important
to do the quick analysis for the more accurate results. The lycopene was
appeared at 4.2min which is the retention time of the extracted product
and the appearance of spiky peak confirmed the presence of lycopene in
the extract (Fig. S6C) [1,39].

3.10. Reusability and storage stability of enzyme co-immobilized AMNPs

Considering the economical value of biocatalysts, reusability is an
important factor to study. To determine this, the enzyme co-im-
mobilized AMNPs were subjected to the reusability test after each cycle
of its use. The extent of magnetic property was helpful for the easier
removal of the prepared bio-catalyst from the reaction mixture. The
yield of lycopene for first cycle was considered to be 100%. From the
reusability study, it has been found that the prepared enzyme co-im-
mobilized magnetic biocatalyst could be successfully reused up to 6th
cycle giving more than 50% lycopene yield at every subsequent trial
(Fig. 7A). The decrease in the lycopene yield could be due to excessive
reuse of co-immobilized AMNPs which could have resulted in the de-
naturation of the active sites of enzymes [13,17].

Storage stability is also an important part to study the extent sta-
bility of prepared co-immobilized biocatalyst. The co-immobilized en-
zymes on AMNPs were stored in the buffer solution (acetate buffer pH
5.0, 0.1M) at room temperature (30 ± 2 °C) for 30 days. The residual
activity was measured after every five days and found that both pec-
tinase and cellulase retailed there residual activities of more than 90%
even after 30 days (Fig. 7B). This proves that the prepared magnetic
biocatalyst is durable and can be preserved at room temperature
without slight reduction in the initial activity. The formation of strong
covalent bond (between enzymes and AMNPs) during the preparation
of this magnetic nano-biocatalyst helps to decrease the deformation
effects on active sites of enzymes resulted due to buffering action [40].

Fig. 6. Comparative study of lycopene release using only sonication, co-im-
mobilized enzyme and combined method. The measurements were performed
in triplicate and the error bar represents the percentage error.
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4. Conclusion

In this study, the synergistic effect of enzyme co-immobilized
AMNPs and sonication for enhanced extraction of lycopene were suc-
cessfully established. Optimization of various parameters further en-
hances the lycopene release by increasing the catalytic activity at op-
timized pH and temperature conditions. There was an enhancement in
the extraction yield of up to 1.3 folds compared to single process of
extraction. In addition, optimization of tri-solvent extraction enhances
the overall lycopene yield. The reusability and storage stability study
revealed an efficient use of co-immobilized form of enzymes on AMNPs
which can be potentially used for industrial applications.
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