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Abstract
Exo-polygalacturonase was produced from a fungal strain Penicillium paxilli under solid-state fermentation (SSF) technique 
using wheat and rice bran (1:1) as a substrate. Production optimization data suggested that yeast extract, pectin, and man-
ganese sulfate significantly enhanced the exo-polygalacturonase yield. This enzyme was partially purified using NH4(SO4)2 
precipitation at 70% saturation level and characterized in terms of various parameters. The pH optima shifted from 3.5 to 6.5, 
while transition in temperature optimum was observed from 35 to 40 °C in case of immobilized enzyme. After immobilization 
at 70 °C, a 16% and 15% increase in values of half-life and enthalpy (ΔH*), respectively, and 2.25% decrease in Gibbs free 
energy (ΔG*) values were observed. Km value was observed to be 0.084 µmoles/mL/min with a 33% decline in Vmax value 
for immobilized exo-polygalacturonase. Immobilization showed 47% retention in bioactivity even at the 5th cycle of reuse. 
Results of different fruit juice treatment with exo-polygalacturonase showed that total phenolic and antioxidant contents of 
pomegranate and grapes juice were enhanced by 256% and 18%, respectively, while a 93% increase in clarification and 55% 
reduction of viscosity were observed in the case of grape and pineapple juices after enzymatic treatment. Finally, it can be 
concluded that this exo-polygalacturonase showed a good performance in the case of thermal stability and can be success-
fully implemented as an excellent candidate to be used in the fruit juice industry.

Keywords  Lignocellulosic biomass · Exo-polygalacturonase · Kinetic constants · Thermal stability · Immobilization · Fruit 
juice clarification · Reusability

1  Introduction

Since the beginning of fruit juice technology, pectinolytic 
enzymes have been of utmost importance. These enzymes 
are used to aid in clarifying and extracting juices from a 
variety of fruits. In developing countries, rapid industrializa-
tion occurred in citrus-producing and processing sectors like 

oils, juices, and other products [1]. A variety of fruits juices 
for human consumption are procured on a global scale, and 
among these include mango, apple, citrus, dates, bananas, 
pineapples, peach, and oranges [2]. Crystal-clear juices with 
improved transparency are being produced commercially 
due to high commercial demand at an annual scale in the 
world market. To increase a fruit juice yield with enhanced 
transparency level, some parameters like reduction in filtra-
tion time, increased volume, viscosity, turbidity reduction, 
and juice clarification are the factors that make the depol-
ymerase-assisted biocatalytic processes appealing in fruit 
juice processing industry [3]. Higher plants and microorgan-
isms contain many pectinolytic enzymes, which play a vital 
role in softening some plant tissues and cell wall extension 
during storage and maturation [4].

Pectinolytic enzymes that catalyze the hydrolytic degra-
dation of the α-1, 4-glycosidic bonds are polygalacturonase 
(PG) and cause pectin degradation [5]. Upon degradation, 
pectin produces 60–90% galacturonic acid, galactose, some 

 *	 Faiza Amin 
	 faizachemist@gmail.com

 *	 Muhammad Bilal 
	 bilaluaf@hotmail.com

1	 Department of Chemistry, Government College Women 
University, Faisalabad 38040, Pakistan

2	 Department of Chemistry, University of Agriculture 
Faisalabad, Faisalabad 38040, Pakistan

3	 School of Life Science and Food Engineering, Huaiyin 
Institute of Technology, Huaian 223003, China

Biomass Conversion and Biorefinery (2023) 13:13181–13196

/ Published online: 14 March 2022 

http://orcid.org/0000-0001-5388-3183
http://crossmark.crossref.org/dialog/?doi=10.1007/s13399-022-02559-1&domain=pdf


Biomass Conversion and Biorefinery (2023) 13:13181–13196	

1 3

pentoses acetic acid, and methanol [6]. Polygalacturonases 
are categorized into two forms by substrate specificity and 
bond position. Endopolygalacturonase indiscriminately 
hydrolyzes the polymeric α-1,4-glycosidic linkages/bonds, 
while exo-polygalacturonase acts from the non-reducing end 
[7]. Natural sources for Exo-polygalacturonase are fungi, 
yeast, bacteria, plants, nematodes, protozoa, and insects [8]. 
Higher plant’s structural backbone is constructed of poly-
saccharides which are pectic substances and are primarily 
present in the primary cell wall and middle lamella. These 
structural polysaccharides consist of alpha (1–4) linked 
D-galacturonic acid monomers containing rhamnose resi-
dues in the central chain [9].

The large-scale production of pectinases is from fungal 
resources using fermentation technology [10]. Industrial-
scale pectinase production occupies about 10% of the overall 
fermentation of various enzyme preparations having com-
mercially significant value. Pectinases are required to clarify 
fruit juices due to their ability to reduce bitterness, cloudi-
ness, and viscosity, resulting in enhanced press ability and 
reduction in jelly-like consistency of pectin [1]. They are 
extensively used in the paper and pulp industry, treatment of 
wastewater having pectinaceous materials, degumming and 
retting process of plant bast fibers, bio-bleaching of cotton 
fibers, textile processing, coffee, tea fermentation, animal 
feed, plant disease control, oil extraction, liquefaction, in 
dietary fibers, antioxidants and phytonutrients study, fruit 
juice clarification, viscosity and turbidity reduction, and 
improvement of clarity index [10–12].

Some limiting factors are always involved in the industri-
alization of enzymes which should be overcome via devel-
oping different methods and strategies. These inadequacies 
include availability of pectinases with desired processing 
characteristics, lack of biocatalyst stability during process-
ing in harsh industrial environments, difficulty in recovery 
and reusability, and the high production costs of enzymes 
[13–15]. One of the most crucial research areas work-
ing with pectinases is to impart improved thermostability 
via some immobilization techniques which was initially 
designed to recover and reuse the enzyme from reaction 
medium [16, 17] because enzymes were quite expensive ini-
tially. Later, it was explored that immobilization of enzymes 
can also be linked with continuous operation procedures, 
which is highly favored in industrial environments. So, 
immobilization provides enhanced thermal stability, bet-
ter storage, better operational control, flexibility of reactor 
design, conformational stability, and easy recovery of the 
enzymes from the reaction mixture [13, 18]. A successful 
enhancement of enzymatic features via immobilization sup-
port material has resolved the problem of highly stable mul-
tifunctional commercial enzyme features that usually lack 
free/soluble enzymes. Creation of immobilized enzymes is a 
“mimicry” of their natural mode in living cells, where most 

of them are attached to a support of cellular cytoskeleton/
membrane structures/organelles. The solid support systems 
generally stabilize and retain the structure of the enzymatic 
proteins, leading to the maintenance of their bioactivities. 
As compared to free counterparts, immobilized biocatalysts 
are more robust and resistant to structural changes. Thus, 
an immobilized biocatalyst protects itself from becoming 
exposed to some causes of irreversible inactivation, lead-
ing towards operational stabilization. Proteins are distorted 
when exposed to hydrophobic interfaces, and this interaction 
is no longer possible if the enzyme is on the inner surface 
of a porous solid. Enzymes fully immobilized on nonpo-
rous nanoparticles are not protected from this negative effect 
derived from the interaction with hydrophobic surfaces. To 
get this protection, the coating of the immobilized enzyme 
molecules with hydrophilic polymers may be an alternative. 
Immobilization causes reduction in inactivation by partition 
of some deleterious compounds away from the enzyme mol-
ecule via generation of a hydrophilic environment around the 
enzyme after immobilization. This is the case of the immo-
bilization of enzymes on supports coated with hydrophilic 
polymers, partitioning some harmful compounds away from 
the enzyme environment [16, 18–20]. An alternative reason 
for justification of enzyme stabilization upon immobiliza-
tion is that the enzyme might mimic to be more stable. If the 
carrier material is overloaded with biocatalyst, its diffusion 
with substrate molecules might limit the rate of reaction. 
Substrate molecules will reach the outer layers of biocata-
lyst only before it is converted into products. Once enzyme 
loses activity, the substrate will have to diffuse further into 
the enzyme layers/carrier material before it is converted. 
Not a big change in activity and reaction rate is observed 
in this possible reason, so the enzyme appears to be more 
stable [21–26].

Magnetic nanoparticles (MNPs) are recently in demand 
due to their immobilizing and quantum properties and 
increased surface/volume ratio. They can be reused easily 
after recovery from the reaction medium using an applied 
magnetic field. Nanoparticles firmly control the material’s 
properties, such as stiffness and elasticity, and provide bio-
compatible environment for enzyme immobilization [27, 28]. 
It is also mandatory to use a non-toxic, biocompatible, and 
environment-friendly approach to immobilize pectinases, 
which are food-grade enzymes. So, chitosan, a biopolymer, 
was used to prepare the stabilized and biocompatible mag-
netic nanoparticles. Biocatalyst immobilized on non-porous 
surfaces shows some interaction with hydrophobic interfaces 
within the reaction media leading towards protein denatura-
tion/disruptions, which is quite opposite to the purpose of 
immobilization and this issue can be resolved by coating the 
immobilized enzymes with some hydrophilic polymers like 
aldehyde dextran (non-toxic and biodegradable cross-linker), 
which not only host the enzyme on non-porous material but 
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also protect it from microenvironments of the reaction media 
leading towards improved stabilization at elevated tempera-
tures and pH [18, 29]. Various authors have suggested that 
immobilization of pectinase on functionalized MNPs could 
potentially improve the thermal stability and functionality 
of enzymes at elevated temperatures.

So, keeping in mind the immense industrial potential 
of this enzyme, this study was conducted for exo-polyga-
lacturonase biosynthesis via Pencillium paxilli, which was 
optimized via various factors under solid-state fermentation 
technology. It was partially purified via salting out using 
ammonium sulfate precipitation and was biochemically char-
acterized by various kinetic and thermodynamic parameters. 
The next step was immobilized onto chitosan nanosupport 
to enhance its thermal stability characteristics. Its industrial 
assessment was done by treating various seasonal and local 
fruit juices to study different nutritional and physical param-
eters like total phenolic content, antioxidant potential, clarity 
index, and viscosity reduction.

2 � Materials and methods

2.1 � Materials

All the chemicals including Na3-Citrate, KH2PO4 anhydrous, 
K2HPO4, K2HPO4, CaCl2.2H2O, NH4NO3 anhydrous, glu-
cose (C6H12O6), citric acid, ZnSO4.7H2O, Na2MoO4.2 H2O, 
NaOH anhydrous, potato dextrose agar (PDA), acetic acid, 
sodium acetate trihydrate (C2H9NaO5), sodium carbonate 
(Na2CO3), 0.2 N Folin-Ciocalteu reagent, ammonium chlo-
ride (NH4Cl), sodium potassium tartrate (KNaC4H4.4H2O), 
3, 5 dinitrosalicyclic acids (C7H4N2O7), urea (CH4N2O), 
methanol (CH3OH), glycine (C2H5NO2), 2,2-diphenyl-
1-picrylhydrazyl DPPH (C18H12N5O6), EDTA, chitosan, 
dextran, ferrous sulfate (FeSO4·4H2O), ferric chloride 
(FeCl3·6H2O), 2,4 dinitrophenylhydrazine (DNPH), galactu-
ronic acid, sodium meta periodate, pectin, phosphate buffer, 
glycine–HCl buffer, acetate buffer, glycine-sodium hydrox-
ide buffer, and yeast extract were of analytical grade, and 
mainly purchased from Sigma-Aldrich.

2.2 � Production optimization 
of exo‑polygalacturonase

Fungal strain Penicillium paxilli was procured from fungus 
bank culture PU, Lahore, and substrate used for exo-polyg-
alacturonase fermentation was a mixture of wheat bran and 
rice bran (1:1) to be used under solid-state fermentation. 
Seed culture recipe has the following ingredients: KH2PO4 
(5 g/L), NH4NO3 (2 g/L), (NH4)2SO4 (4 g/L), MgSO4.7H2O 
(0.2 g/L), trisodium citrate (2.5 g/L), yeast extract (0.1 g/L), 
and glucose at 2% levels, sterilized at 121 °C for about 

15 min followed by inoculation under aseptic conditions. 
Three-day-old culture incubated at 40 °C at 120 rpm was 
used as inoculum for fermentation. Fundamental factors 
influencing the exo-polygalacturonase production studied 
were different sources of carbon at 1% level (pectin, malt-
ose, lactose, glycerin, saccharose, and glucose), nitrogen at 
1% level (yeast, ammonium nitrate, glycine, sodium nitrate, 
ammonium chloride, and ammonium sulfate), and salts at 
1% level (manganese sulfate, magnesium sulfate heptahy-
drate, potassium chloride, potassium dihydrogen phosphate, 
trisodium phosphate, calcium chloride dehydrate, and 
sodium chloride). A sterilized and moistened fermentative 
bed having 10 g of substrate was inoculated with 2 mL of 
the seed culture medium under aseptic conditions followed 
by incubation at 40–45 °C for about 3–4 days under static 
conditions. At the end of fermentation, fermentative bed was 
harvested by adding 100 mL of phosphate buffer (pH 7.0), 
shaken at 120 rpm for 1 h at 4 °C followed by ultrafiltration 
using Whatman filter paper # 1. The filtrate obtained was 
subjected to enzyme assay and protein estimation.

2.3 � Partial purification of exo‑polygalacturonase

Enzyme solution obtained after fermentation was subjected 
to partial purification via ammonium sulfate precipitation at 
70% level to reduce the larger volumes of the enzyme. The 
process of salting-out was carried out at 4 °C overnight in 
the refrigerator. The very next day, residues were collected 
by centrifugation at 10,000 rpm at 4 °C for 10 min followed 
by dialysis overnight at 4 °C using distilled water. Salt-free 
residue obtained was subjected to protein estimation and 
enzyme assay for exo-polygalacturonase activity. It was 
subsequently stored at 4 °C in a refrigerator for use further 
characterization and immobilization experiments [30].

2.4 � Enzyme assay and protein estimation

Exo-polygalacturonase bioactivity was assessed by record-
ing the reducing groups liberated from the pectic backbone 
of pectinaceous substrate solution using the Dinitrosalicyclic 
acid (DNS) method [23] using D-Galacturonic acid mono-
hydrate as the standard. A diluted enzyme solution (100 µL) 
was added to hydrolyze the reaction mixture having pectin 
solution (0.5%) and 0.05 M acetate buffer having pH 5.5 fol-
lowed by incubation at 40 °C for about half an hour. Later, 
this reaction was stopped by adding 1000 µL of DNS reagent 
followed by immediate heating in a boiling water bath for 
10 min. The reducing sugars released in the solution were 
recorded at 535 nm [31]. Protein estimation and quantifica-
tion was performed by Bradford assay [32] using bovine 
serum albumin (BSA) as standard reference.

13183



Biomass Conversion and Biorefinery (2023) 13:13181–13196	

1 3

2.5 � Immobilization of exo‑polygalacturonase

A total of 50 mL of FeCl3·6H2O (0.32 M) was mixed with 
0.2 M FeCl2·4H2O in 1:2 ratio. Then, 1% chitosan solution 
was added to the reaction mixture with a gradual increase in 
temperature up to 50 °C followed by gradual addition of 20 mL 
of 1 M NaOH. Nanoparticles were collected from this reac-
tion via centrifugation after incubation at room temperature 
for 20 min. Exactly 10 mL of oxidizing agent (0.1 M solution 
of sodium meta periodate in Na-acetate buffer pH 5.0) was 
added in 25 g of dextran and kept in the dark for 90 min fol-
lowed by the addition of 0.3 mL of ethylene glycol and kept 
it in the dark for 1 h. Oxidized polysaccharide solution, to 
be used as macromolecular crosslinker, was then dialyzed (in 
acetate buffer, pH 5.0) at 4 °C overnight [29]. In the final step, 
nanoparticles were mixed with exo-polygalacturonase solution 
(4:2, v/v) followed by shaking for 30 min. Then (2.5%, v/v) 
dextran macromolecular cross-linker was added in the above 
mixture and incubated at 4 °C for 24 h. A total of 5 mg of 
sodium borohydrate was added to stop the reaction, followed 
by incubation for 30 min at 4 °C. Later on, the immobilized 
exo-polygalacturonase was separated magnetically, washed 
four times with phosphate buffer (pH 7.0) and subjected to 
enzyme assay to estimate the bioactivity. The immobilization 
efficiency was determined in terms of exo-polygalacturonase 
immobilized, specific activity, and relative activity (%). The 
amount of biocatalyst loaded/immobilized on support mate-
rial describes the immobilization technique’s effectiveness in 
holding the enzyme. This parameter was evaluated by subtract-
ing the amount of protein loaded initially from the amount of 
protein leaked.

Enzyme/protein immobilized = enzyme introduced for 
immobilization − enzyme leaked/leached immobilization effi-
ciency (IE) was calculated using the following formula given 
in equation below.

Relative activity (RA) is another important parameter that 
determines the efficiency and effectiveness of immobilization 
technique in terms of relative loss /gain in the bioactivity of 
the enzyme. It can be calculated using the relationship given 
below in equation.

IE (% ) =
Protein Immobilized

Loaded Protein
× 100

RA (% ) =
Specific activity of immobilized enzyme

Specific activity of free enzyme
× 100

2.6 � Biochemical characterization of free 
and immobilized exo‑polygalacturonase

2.6.1 � Thermodynamic parameters and kinetic constants

Various kinetic and thermodynamic parameters were 
checked in detail to assess the potential of exo-polygalactu-
ronase for industrial use. So, for this purpose, kinetic con-
stants (km and Vmax) were determined by incubating a fixed 
amount of enzyme with different concentrations of pectin 
solution ranging from 0.1 to 2.5% and double reciprocal 
line-weaver Burk plots were used to interpret the results. 
The impact of pH on exo-polygalacturonase activity was 
determined by incubating the enzyme at different pH (2–10) 
followed by the enzyme assay protocol. The pH stability 
of exo-polygalacturonase was assessed by incubating the 
enzyme solution with varying solutions of buffer (pH 2–10) 
overnight in the refrigerator at 4 °C followed by bioactivity 
determination the next day [11, 12, 20].

Thermal stability of proteins is a great topic of research 
and interest because all industrial operations are conducted 
at a higher temperature scale to fulfill the market demand 
daily. So, thermal stability of free and immobilized exo-
polygalacturonase was examined at different temperatures 
ranging from 35 to 80 °C via incubation for 60 min at each 
temperature. Various aliquots of the enzyme were withdrawn 
at 0 min, 10 min, 20 min, 30 min, 40 min, and 60 min and 
subsequently kept at 4 °C in the refrigerator overnight to 
determine its potential to work under drastic conditions. The 
next day these aliquots were subjected to enzyme assay to 
obtain/estimate the residual activity at various temperature 
values. The residual activity of the samples was calculated 
via following Eq. (1), whereas Ct represents the activity of 
the enzyme at time t, while Co represents the activity of the 
enzyme at 0 min, which is a control experiment.

In the next step, different thermodynamic parameters like 
ΔH*, ΔG*, ΔS*, t1/2, and Ea for thermal denaturation were 
calculated and determined by plotting graphs via taking 
residual activity of alginate lyase on the Y-axis and time, t on 
X-axis for all values of temperatures. The energy of activa-
tion (Ea) was calculated by plotting a graph between values 
of lnkd and 1/T (1000). The enthalpy parameter (ΔH*) was 
calculated by using the relation given in Eq. 2:

where R = 8.314 J K−1 mol−1 is the universal gas constant 
and T is the absolute temperature (K).

The free energy of activation (ΔG*) at varying tempera-
tures was determined from the relation shown in Eq. 3:

(1)Residual activity of Exo − PG (%) = 100 ×
Ct

Co

(2)ΔH ∗= E
a
−RT
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where h is the Planck’s constant, and its value is 
6.62607 × 10−34 Js. kb is Boltzmann constant, and its value 
is 1.38 × 10−23 J ⋅ K−1.

Activation entropy (ΔS*) was calculated using the for-
mula indicated in Eq. 4:

2.7 � Applications of free Exo‑PG in the fruit juice 
industry

To evaluate the Exo-PG potentiality for the food industry, 
different fruit juices, including apple, pineapple, grapes, and 
pomegranate, were treated with varying amounts of Exo-PG 
[33, 34]. Various seasonal fruits were procured from the 
local market of Faisalabad, and juice extracts were prepared 
in distilled water. Pulp was separated from juice using a 
muslin cloth, and a homogeneous mixture was obtained for 
the enzymatic treatment. Fruit juice samples were incubated 
in an orbital shaker at 120 rpm at 45 °C for 1 h followed by 
centrifugation at 10,000 rpm for 10 min. A control experi-
ment was also conducted side by side with the treated sam-
ple, and the same volume of distilled water was used in place 
of the enzyme in the control experiment. The juice sample 
after enzymatic treatment was subjected to different param-
eters, i.e., juice yield, clarity index at 660 nm and viscosity 
measurement using water as a standard reference to see the 
effect on the quality of produce [12, 34].

2.7.1 � Total phenolic and antioxidant contents estimation

To determine the total phenolic contents before and after 
enzymatic treatment, standard Folin–Ciocaltue method was 
used by making some alterations in the reported method [26, 
27]. Precisely, 30 µL (10% v/v solution prepared in metha-
nol) of fruit juice was added to 150 µL of Folin-Ciocalteu 
reagent (0.2 N) and mixed for about 10 min. Later, Na-car-
bonate (0.2 g/mL, 450 µL) was added to the above reaction 
mixture followed by incubation for about 2 h. The absorb-
ance of this reaction mixture was recorded at 760 nm while 
using methanol as blank. Gallic acid was used; standard and 
total phenolic contents were calculated as gallic acid equiva-
lents (GAE) in g/L of fruit juice sample. Total antioxidant 
contents in control and enzymatically treated juice samples 
were also assessed in detail, as reported earlier [33]. A total 
of 3 mL of fruit juice sample (10% v/v solution prepared 
in methanol) was mixed with 1.5 mL of methanolic DPPH 
solution having a concentration of 0.02 mg/mL. After incu-
bating the reaction mixture for 15 min at room temperature, 
the absorbance was recorded at 517 nm using methanol as 

(3)ΔG ∗= −RT ln k
d
h∕k

b
T

(4)ΔS ∗= ΔH ∗ −ΔG ∗ ∕T

blank. Finally, the results were expressed as percentage scav-
enging activity of DPPH.

2.8 � Reusability of immobilized pectinase

The reusability study of immobilized pectinase was con-
ducted by performing the activity assay of immobilized pec-
tinase in the pectin solution following incubating its opti-
mized conditions [31]. At the end of each cycle, the resulting 
solution was subjected to enzyme activity measurements, 
and the enzyme-bound nanoparticles were magnetically 
separated from the reaction mixture, washed with phosphate 
buffer (pH 7.0), and delivered to the next batch of the cycle. 
The relative activity was used for comparing the activities 
of each reaction by considering 1st batch activity as 100%.

2.9 � Statistical analysis

All experiments were executed in duplicate, and the results 
were discussed by mean values reported along with standard 
deviations. Data were subjected to statistical analysis using 
regression techniques, and analysis of main variance points 
were highlighted through appropriate graphs. All the data 
analysis was done using Microsoft Excel (Version-2013).

3 � Results and discussions

3.1 � Production optimization of Exo‑PG

3.1.1 � Effect of nitrogen and carbon sources on Exo‑PG

Nitrogen is a significant constituent of protein and has a 
huge impact on enzyme production. Figure 1 represents the 
enzyme activity by supplementing different nitrogen sources 
after a fermentation period of 96 h. Among the nitrogen 
sources ascertained, the inclusion of yeast extract to the 
fermentation medium furnished the maximum enzyme pro-
duction, according to earlier reports [35, 36]. On the other 
hand, ammonium sulfate displayed the least growth in con-
trast to other nitrogen sources; this could be due to nitrogen 
being an inorganic source that is not available as it is in the 
organic form [35]. Our results were not in accordance with 
[36] because ammonium sulfate showed the least effect on 
enzyme production. The significant effect of yeast is also 
beneficial as it can be used in vegetarian foodstuffs produc-
tion [35].

The addition of carbon sources positively correlated 
enzyme biosynthesis. Incorporating pectin, maltose, and 
lactose enhanced the enzyme titers, while glucose and sac-
charose have the least effect on the improvement of enzyme 
production (Fig. 2), which might be due to catabolic repres-
sion. Pectin and maltose increase the growth of the enzyme 
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to a great extent. Amin et al. [11] studied the effect of the 
addition of various carbon sources to study the impact on 
Exo-PG biosynthesis. They utilized a broad range of car-
bon sources (glucose, pectin, mannitol, sucrose, and glyc-
erol), supplied to the fermentation medium to observe, and 
assessed their effect on fungus growth and in turn biocatalyst 
productivity. Their results indicate that glucose, pectin, and 
mannitol exponentially increased the enzyme titers, whereas 
the use of glycerol and saccharose reduced the enzyme units 
and proved to have no significant stimulating effect on the 
Exo-PG biosynthesis. Catabolic repression could be one of 
the reasons for this reduction in Exo-PG fermentation which 
further suggests and concludes that wheat bran is a naturally 
carbon-enriched agricultural substrate. Balachandran et al. 
[37] investigated the effect of carbon sources on protease 
yield by incubating the SSF cultural bed after supplemen-
tation of various carbon sources. In their study, the maxi-
mum protease yield (387.64 U/mL) was observed to be in 
the presence of sucrose supplemented to SSF medium after 
2 days of fermentation. Significant effect of various carbon 

sources has also been observed by [38], leading towards the 
increased yield of alkaline protease production.

3.1.2 � Effect of salt sources on exo‑polygalacturonase 
biosynthesis

The addition of salts had a favorable effect on enzyme activ-
ity, and enzyme production was meaningfully improved by 
the supplementation of different metal salts. Salt in micro-
amounts provides many functions in the fermentation pro-
cess: It helps in the better supply, extraction and solubiliza-
tion of nutrients from biomass/agricultural waste material 
to be used by fermenting organisms which in turn further 
enhances the yield of enzyme. Results revealed a significant 
increase in enzyme titer by the addition of manganese sulfate 
(Fig. 3). Other salts positively affected enzyme productivity 
because of the accessibility of vital nutrients necessary for 
appropriate fungal growth, resulting in enhanced enzyme 
production. Improved activity profile following salt inclu-
sion was attributed to the enhanced regulation of relevant 

Fig. 1   Effect of nitrogen sources 
on enzyme production
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genes during transcription [5]. MnSO4 was also an active 
enzyme stimulator [39].

3.2 � Immobilization of exo‑polygalacturonase

Exo-polygalacturonase was immobilized on magnetic nano-
particles via covalent bonding by using a macromolecular 
crosslinker, polyaldehyde dextran. Oxidized dextran having 
reactive aldehyde groups could carry out the cross-linking 
reaction of amino groups present in amino acid groups of 
enzyme molecule and chitosan, preventing the leaking/leach-
ing of enzyme molecule during reaction [29]. Optimized 
values for the immobilization, i.e., various crosslinking 
parameters and amount of non-catalytic support presented 
by Sojitra et al. [29], were utilized in this immobilization of 
exo-polygalacturonase on chitosan magnetic nanoparticles. 
The resulting performance efficacy of the immobilized bio-
catalyst was presented in terms of immobilization efficiency 

(IE), apparent activity, and relative activity. Immobilization 
of enzyme is usually accompanied by problems like enzyme 
leaking, resistance in protein transfer to support material and 
enzyme deactivation. However, our study obtained promis-
ing results, indicating a good IE of 77% and 3.1 mg protein 
loading per gram of nanoparticles. The apparent activity of 
immobilized exo-polygalacturonase was noted to be 25.7 
U/g, with a relative activity of 45% (Table 1).

3.3 � Characterization of free and immobilized 
Exo‑PG

3.3.1 � Effect of metal/non‑metal ions on the soluble form 
of Exo‑PG activity

The impact of diverse metal ions on the biocatalytic activ-
ity of exo-polygalacturonase was assessed just to see the 
involvement of any cofactors in the active site of the enzyme 

Fig. 3   Effect of salt sources on 
enzyme production
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Table 1   Summary of immobilization efficiency of immobilized Penicillium paxilli exo-polygalacturonase

Relative Activity =
Specif ic activity of immobilized enzyme

Specif ic activity of free enzyme
× 100

Immobilization Eff iciency =
Protein immobilized

Protein loaded
× 100

Where immobilized protein = Protein loaded − protein leached

Protein loaded 
(mg)

Enzyme immobi-
lized (mg/g)

Immobilization 
efficiency (IE) (%)

Apparent activity 
of immobilized 
nanoparticles (U/g)

Specific activity of 
free enzyme (U/
mg)

Specific activity 
of immobilized 
enzyme (U/mg)

Relative activity 
(%)

27 3.1 77 25.7 22.54 10.09 44.76
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(Fig. 4). From the results, it can be seen that NH4
+ and Mg+2 

ions significantly enhanced the enzyme activity greatly; this 
result was found to be consistent with previous studies [7, 
40]. K+ and Na+ also stimulated the enzyme activity, and 
these results were in accordance with [41] and [7], which 
indicated the possibility of their action as salt or ion bridges 
that stabilize the biocatalyst in its active site conformation to 
approach and hold the substrate better and further hydrolysis 
and might also protect the enzyme against it thermal inacti-
vation. This result suggests that the exo-polygalacturonase 
produced in our study can be a possible complex protein, 
which requires a cofactor to perform better as a biocatalyst 
to show higher activities or this enhanced enzyme bioactiv-
ity under the presence of these ions may be due to charge 
neutralization by Na+ and K+ on the polymeric pectin to 
minimize the repulsive forces between the pectin polymer 
and overall negative charge of the enzymatic protein. Other 
ions like Fe+2 and Mn+2 also moderately stimulated the exo-
polygalacturonase activity, which was consistent with [42] 
and [11], while Zn+ and Mn+2 slightly increased the enzyme 
activity.

3.3.2 � Optimum pH and stability of free and immobilized 
Exo‑PG

In the enzyme activity profile for pH, it was observed that 
there were variations in the values. A pH of 3.5 was found to 
be optimum for this particular exo-polygalacturonase which 
was in consistent with [43]. Whereas from the pH stability 
graph trend, it can be seen and clearly concluded that this 
enzyme showed stability at a wider range of pH 3.0–7.0 
(Fig. S1). Previous reports have revealed the pH stability 
for the enzyme between pH 2.5–12. Exo-polygalacturonase 
after immobilization showed a shift in pH optima, and it was 
found to be 6.5. This change in pH optima of immobilized 

enzyme could result from conformational changes and 
microenvironment change in enzyme after immobilization 
[20, 44]. The change in pH after immobilization could be 
the result of the nature of immobilization support. Similarly, 
immobilized exo-polygalacturonase showed pH stability 
over a very broad range of pH, especially in acidic regions, 
making it an excellent candidate for food industry appli-
cations. This may be due to a reason, in the mildly acidic 
region, nanocatalysts provide the favorable environment for 
the pectinase to act against pectin leading to increased affin-
ity of enzyme towards its substrate. Therefore, the immobi-
lized enzyme exhibits good adaptability to environmental 
acidity and reveals acceptable pH stabilities over a broad 
experimental range. Our results are consistent with [6, 7, 
44–46], where higher PG activity was obtained at an acidic 
pH range.

3.3.3 � Temperature optima and Ea profiles 
of exo‑polygalacturonase for substrate hydrolysis

The effect of elevated temperatures (35–80 °C) on the bio-
activity of the free and immobilized form of exo-polyga-
lacturonase was studied in detail to assess its potential for 
drastic industrial environments. The free and immobilized 
enzyme temperature optima were found at 35 °C and 40 °C, 
respectively (Figs. 5 and S2). The free enzyme’s maximum 
activity was found to be up to 35 °C, after which the enzyme 
activity decreased, showing that enzymes started denaturing 
at elevated temperatures. The immobilized enzyme showed 
maximum activity up to 40 °C. After that, the immobilized 
enzyme activity started decreasing, but the decline in activ-
ity after immobilization was slower as compared to the 
soluble form of enzyme, indicating the stability of immobi-
lized enzyme at higher temperature with 2.76% and 7.95% 

Fig. 4   Effect of metal and non-
metal ions on enzyme activity
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enhanced stability at 55 °C and 80 °C, respectively, as com-
pared to soluble counterpart.

The activity and stability at high temperatures could be 
due to the conformational structure change, which imparted 
rigidity at elevated temperatures which might be due the 
creation of the covalent bond between pectinase and nano-
particle surface also leading towards the increased Ea of 
thermal denaturation reaction. The energy of activation (Ea) 
for the maximum hydrolysis of substrate in the case of free 
and immobilized enzyme was found to be 29.57 J/mole and 
33.23 J/mole, respectively (Fig. 6). This increase in energy 
of activation observed in the case of immobilized enzyme 
showed that the enzyme must have to cross a higher energy 
barrier to form a transition state complex with its substrate 
for subsequent hydrolysis into products compared to soluble 
counterpart. Hence, it requires much more energy to break 
down their active conformation over the free form. The higher 

deactivation energy is a well-known parameter of indexing 
high thermal stability of protein indicating more thermal rigid-
ity during denaturation experiments.

3.3.4 � Kinetic parameters

The velocity constant, Vmax, value indicates the maximum 
biocatalytic rate of degradation of substrate molecule into the 
final reaction product when all active sites of the enzyme are 
saturated with substrate molecules. The substrate concentra-
tion at half of the velocity constant value is considered the 
affinity constant (Km) value as per the straight-line form of 
Michealis-Menten equation.

1

V
=

1

Vmax
+

Km

Vmax

1

[S]

Fig. 5   Effect of temperature on 
free and immobilized Exo-PG
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Fig. 6   Arrhenius plot for the 
activation energy of a free and 
immobilized Exo-PG
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A high value of Km indicates the less affinity of the 
enzyme towards its substrate, which in turn rely on the dif-
fusion frequency of substrate molecules with enzyme, steric 
effect due to complex structure of substrate and enzyme and 
as well as the external factors, i.e., pH, temperature, and 
ionic strength [47].

Kinetic parameters of free and immobilized enzymes 
were calculated via the Lineweaver–Burk plot. The km value 
for the free enzyme at different concentrations of pectin 
(0.1–2.5%) was 0.211 µmole/mL/min, whereas in the case 
of immobilized counterpart, a lower value was observed, 
0.084 µmole/mL/min (Fig. 7). The less km value for immo-
bilized enzyme indicates that immobilized enzyme needs 
a lower substrate concentration, which might be possible 
due to greater enhanced accessibility of active sites of 
enzyme towards its substrate after immobilization, show-
ing increased affinity towards pectin. This low value of Km 
observed after immobilization could also be attributed to 
the stabilization of the enzyme active site, leading to more 
availability of the active sites to substrate molecule [11, 12]. 
A less value of Km after immobilization is also an indica-
tion that this biocatalyst requires less concentration/amount 
of substrate molecules to gain maximum rate compared to 
soluble counterpart, which shows the greater affinity of the 
enzyme towards its substrate. Our results agree with Alagoz 
et al. [48] who reported the same trend in Km value for 
immobilized pectinase on modified Florisil and nanosilica 
supports. Similarly, a lower value of Km after immobiliza-
tion of pectinase on activated montmorillonite support is 
also reported by Mohammadi et al. (2020). A total of 24% 

decline in value of Km was also reported [49] after pectinase 
immobilization on PEI-PE10% surface.

Vmax values of immobilized exo-polygalacturonase (14.20 
µmole/mL/min) was found to be less than that of the soluble 
form (42.37 µmole/mL/min), which clearly suggests that the 
rate of substrate hydrolysis was decreased after immobiliza-
tion. Due to either the constraints faced by substrate mol-
ecule in proper diffusion with active site of enzyme or the 
interaction of substrate with the active functional groups 
on support material [47]. Our result shows agreement with 
Oktay et al. [49], who reported a pectinase immobilized on 
cryogels with a Vmax value lower than the soluble counter-
part, which can be attributed to the conformational changes 
in enzyme structure after immobilization process.

3.3.5 � Thermal stability parameters

An enzyme’s thermal firmness/stability is considered one of 
the most crucial factors because of its use on an industrial 
scale at which high temperatures are preferred to speed up 
the reaction to fulfill the daily commercial market demand. 
So thermal stability of enzymes is of utmost importance 
with respect to its implementation at a commercial industrial 
scale. Thermal stability represents the capacity of an enzyme 
molecule to resist its unfolding in the absence of substrate at 
a higher temperature, while thermophilicity is the ability of 
an enzyme to work at higher temperatures in the presence of 
substrate molecules. In case of thermal stability, the stability 
of enzymes is always calculated in terms of residual activity.

Fig. 7   Lineweaver–Burk plot 
for kinetic parameters of free 
and immobilized Exo-PG
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Thermodynamic parameters, such as half-life, ΔH*, 
ΔG*, and ΔS* were calculated to study the thermal stabil-
ity of free and immobilized exo-polygalacturonase (Tables 2 
and 3). The thermal stability profile of enzyme is the most 
important parameter owing to its use on an industrial scale. 
The increase in enthalpy, half-life, and activation energy 
and decrease in entropy could be due to the conformational 
changes after immobilization of exo-polygalacturonase. 
Immobilized enzyme showed more stability as compared 
to the free enzyme, as indicated by the data of high enzyme 
functional activity compared to free exo-polygalacturonase. 
At 50 °C both free and immobilized exo-polygalacturo-
nase retained more than 97% of activities after 60 min of 
incubation, while at 80 °C soluble and immobilized form 
retained 93% of activities after 60 min of incubation which 
shows a very good stability profile of this enzyme at higher 
temperatures.

Ea for denaturation was found to be 29.66 J/K/mole and 
33.17 J/K/mole in the case of free and immobilized coun-
terparts. These low values of Ea calculated from Arrhenious 
plot (from the slopes of the straight lines obtained plotting 
lnkd vs. (1/T)1000) for both exo-polygalacturonase (free and 
immobilized) are an indication of the fact that it showed 
more stability, compactness, showing resistance to confir-
mational unfolding during heat denaturation experiments 
in comparison with the free counterparts [11, 12, 14, 50]. 
A similar trend of increase in Ea was reported by Oliveira 
et al. [50] for immobilization of pectinase in alginate beads 
compared to free enzyme. A higher value of half-life in the 

case of immobilized exo-polygalacturonase was observed 
for all values of temperatures except for 40 °C and 80 °C 
as compared to free counterparts, which showed its higher 
stability at elevated temperatures. The increase of t1/2 values 
after immobilization might be due to the protection of the 
enzyme molecules by the support matrix so that enzyme 
was not more flexible enough in aqueous media leading 
towards decreased protein unfolding; as a result, the stabil-
ity of the immobilized enzyme was increased. A total of 27% 
boost in value of half-life was observed at 50 °C, while 16% 
increase was observed at 70 °C after immobilization. The 
same increase in half-life values after enzyme immobiliza-
tion had been observed in our previous findings reported in 
2017 [20]. However, our results are in contradiction with 
Oliveira et al. [43], which showed a decline in half-life after 
immobilization of pectinase on alginate beads.

Ea for thermal denaturation is linked directly with 
enthalpy of deactivation (ΔH*), another important thermo-
dynamic parameter expressing the total energy required to 
denature the enzyme. ΔH* and ΔS* provide information 
about the number of hydrogen bonds broken and the net 
solvent-enzyme disorder change associated with thermal 
inactivation, respectively. The large values of deactivation 
enthalpy (ΔH*) are characteristic of resistance of protein 
unfolding during denaturation reaction [20, 45, 50]. The 
higher values of ΔH* was observed in this case for immo-
bilized exo-polygalacturonase due to the conformational 
changes after immobilization, indicating the resistance of 
enzyme against thermal unfolding. A similar increase in 

Table 2   Thermodynamic 
parameters of soluble Exo-PG at 
various temperatures

Temp (°C) Temp (K) Kd (min−1) t1/2 ΔH* (kJ/mole) ΔG* (kJ/mole) ΔS* (kJ/mole)

40 313 0.0009 770 26.975 43.989  − 0.054
45 318 0.0016 433 26.933 87.299  − 0.189
50 323 0.0019 364 26.892 101.582  − 0.231
55 328 0.0022 315 26.850 114.328  − 0.267
60 333 0.0024 288 26.810 122.816  − 0.288
65 338 0.0025 277 26.767 127.894  − 0.299
70 343 0.0029 238 26.725 133.427  − 0.311
80 353 0.0042 165 26.642 176.166  − 0.423

Table 3   Thermodynamic 
parameters of immobilized 
Exo-PG at various temperatures

Temp (°C) Temp (K) Kd (min−1) t1/2 ΔH* (kJ/mole) ΔG* (kJ/mole) ΔS* (kJ/mole)

40 313 0.001 693 30.63 51.69  − 0.067
45 318 0.001 693 30.58 52.50  − 0.069
50 323 0.0015 462 30.54 83.81  − 0.165
55 328 0.0017 407 30.50 94.63  − 0.195
60 333 0.0017 407 30.46 96.09  − 0.197
65 338 0.0024 288 30.42 124.68  − 0.278
70 343 0.0025 277 30.38 129.76  − 0.289
80 353 0.0044 157 30.29 179.98  − 0.424
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ΔH* values was observed in the case of lipase immobilized 
on MANAE-agaros compared to the free counterpart [51].

The other most important thermodynamic parameters, 
ΔG* and ΔS* (Gibbs free energy of activation and entropy 
of activation of denaturation reaction), are also excellent 
factors for the explanation of the enzyme thermal stability 
profile [20, 50, 51]. The Gibbs free energy of enzyme mol-
ecule results from the weaker intermolecular forces present 
in protein’s tertiary structure, which participates in overall 
protein stability; these forces include hydrogen bonding and 
Van der Waals forces. Smaller or negative values of Gibbs 
free energy are associated with the spontaneity of the dena-
turation process of enzyme molecules at elevated tempera-
tures and an indication of less stability, whereas higher value 
of ΔG* reveals better resistance and non-spontaneity of the 
protein denaturation during thermal unfolding [20, 50, 51]. 
The ΔG* values obtained for the immobilized biocatalyst 
were higher than those obtained for the soluble enzyme, 
but the values decreased with the increase in temperature, 
indicating that weaker intermolecular forces participating in 
the quaternary level of organization of protein are disturbed 
leading towards an increase in the thermal unfolding of the 
protein at higher temperatures. Our results agree with [50]. 
Entropy values were found to be negative and much lower 
than free enzyme, signifying that immobilization imparted 
orderness and hence thermal stability in the system. With 
the rise of temperature, entropy showed a decreasing trend 
due to compaction/aggregation of the enzyme molecules at 
higher temperatures.

3.4 � Reusability of immobilized enzyme

The reusability of immobilized pectinase is one of the most 
essential features for industrial-scale exploitations. The reus-
ability of immobilized pectinase in 1st batch of the cycle was 
declared 100% by comparing with other batch reactions. In 
the 2nd and 3rd reuse cycles, enzyme lost 2% and 11% of its 
initial activities. In the 4th cycle of reuse, it showed maxi-
mum retention of activity up to a value of 63%. However, 
it started decreasing afterwards and showed a low relative 
activity of 22% in the 7th cycle of reuse (Fig. 8). The decline 
in activity of immobilized enzymes might probably be attrib-
uted to conformational alteration in the enzymatic protein, or 
the leaching of the enzyme from the carrier surface, or the 
loss of the immobilized enzyme particles during the mag-
netic recovery process.

3.5 � Application of Exo‑PG on fruit juice clarification

Crude fruit juices samples were incubated with the free 
enzyme for 1 h, and the competencies were investigated in 
terms of clarification and viscosity as compared to untreated 
control juice samples (Figs. 9 and S3). Untreated juice 

samples possess greater values for viscosities due to the 
presence of pectinaceous materials, and its Exo-PG treat-
ments resulted in up to 37.6%, 18.2%, and 51.6% 44.2% 
decrease in viscosity of apple, pineapple, grapes, and pome-
granate juices, respectively. Polymeric pectin always has a 
very high capacity for water-holding and growing in a struc-
ture having cohesive networking. These pectinaceous sub-
stances are focused on degradation by the pectic enzymes 
leading to decreased water holding capacity and subsequent 
release of free water to the system, increasing volume, and 
decreasing the level of viscosity [52]. These results were 
similar to [20] and [7]. The volume of all the fruit juices 
changed after free Exo-PG treatment. The release of water 
molecules can explain volume change retained within pectin 
molecules. The volume increased by 7.7%, 5.8%, 9.5%, and 
1.9% in pomegranate, apple, grapes, and pineapple, respec-
tively. Clarity measurement of four juices was determined 
before and after Exo-PG. There was 93.6% transmittance in 
grape juice, 92.9% in apple, 59.4% in pineapple, and 83.8% 
more transmittance in pomegranate as compared to fresh 
juice. These results were consistent with earlier reports [46, 
53].

3.6 � Antioxidant profile and total phenolic contents 
of juices before and after enzyme treatment

Antioxidant capacity of apple, grapes, pineapple, and 
pomegranate was checked before and after enzyme treat-
ment (Fig. 10). Results show that pomegranate has the 
highest antioxidant activity with a 255% increase fol-
lowed by pineapple, apple, and grapes with 242%, 172%, 
and 76% increase respectively in antioxidant profile 
after exo-polygalacturonase treatment. This increase in 
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Fig. 9   A Change in viscosity, 
B volume, and C clarity of 
fruits before and after Exo-PG 
treatment

0

0.5

1

1.5

2

2.5

3

3.5

Pomegranate Grape Apple Pineapple

V
isc

os
ity

 

Fruits

A Before enzyme treatment

A�er enzyme treatment

46

47

48

49

50

51

52

53

54

55

56

57

Pomegranate Apple Grapes Pineapple

Vo
lu

m
e

Fruits

B
volume before free exo-
PG
volume a�er free exo-PG

-0.5

0

0.5

1

1.5

2

Pomegrenate Pineapple Apple Grapes

mn066ta
ecnatti

msnarT
%

Fruit Juices

C
Before enzyme treatment

A�er enzyme treatment

13193



Biomass Conversion and Biorefinery (2023) 13:13181–13196	

1 3

antioxidant activity is mainly due to their release in the 
juice, which is trapped in pectin molecules upon degra-
dation after enzyme treatment. Total phenolic contents 
of apple, grapes, pineapple, and pomegranate were also 
observed before and after exo-polygalacturonase treat-
ment, which showed an increase in phenolic contents 
maximum up to 18% after enzyme treatment in the case 
of grapes juice, while 14% enhancement was observed 
in case of apple and pomegranate. This increase in TPC 
content can be explained by the release of some phenolic 
compound entrapped between pectin molecules readily 
available for consumption after Exo-PG treatment.

4 � Conclusion

Exo-PG was produced through solid-state fermentation 
technology by Penicillium paxilli. Yeast extract, pectin, 
and manganese sulfate were found to be significant factors 
affecting exo-polygalacturonase production. Biochemi-
cal characterization of both free and immobilized exo-
polygalacturonase showed temperature optima of 35 °C 
and 40 °C, while pH optima that was observed for both 
free and immobilized exo-polygalacturonase was 3.5 and 
6.5, respectively. The overall study of thermodynamic and 

Fig. 10   Effect of free Exo-PG 
treatment on A antioxidant 
activity and B TPC estimation 
of fruits before and after Exo-
PG treatment
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kinetic parameters presented a very good profile of this 
enzyme before and after immobilization, which renders it 
an excellent candidate for hard industrial environments. 
Fruit juice industry potential assessment was made via 
studying the effect of exo-polygalacturonase on different 
fruit juices via physical and nutritional parameters. In con-
clusion, the result suggests that Penicillium paxilli pecti-
nase is an excellent candidate that can be successfully used 
in the fruit juice clarification industry to enhance physical 
and nutritional characteristics in final juice product of final 
juice product industry.
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