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ABSTRACT: In a single-step free radical reaction, multicatalytic hydrogels were synthesized by covalent immobilization of Pancreatin

onto a film composed of Acrylamide and Polyethylene glycol dimethacrylate750. Hydrogels were characterized by determination of

their dynamic swelling ratios and each catalytic activity was extensively investigated by determination of kinetic parameters KM and

Vmax. The immobilization process was found to preserve the hydrolytic properties of Pancreatin (Protease, Lipase, and Amylase cata-

lytic activities). Catalytic efficiencies were the highest with Protease and the lowest with Amylase. Reusability values higher than 60%

after 10 repeated cycles proved the applicability of the proposed material in industrial practice. VC 2016 Wiley Periodicals, Inc. J. Appl.

Polym. Sci. 2016, 133, 43338.
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INTRODUCTION

With the fast development of industrial practises, an intense

interest has been recently devoted to the environmental pollu-

tion and its serious effects on humans, including climate

changes and health risks. As a consequence of this matter, more

restrictive government regulations, requiring dramatic changes

in both industrial processes and wastewater treatment have been

approved.1,2

Biotechnology offers several different approaches to answer to

the increasing demand for effective bioremediation, with

enzymes emerging as very promising alternatives to common

catalysts. They operate under mild conditions, achieve higher

product purity and avoid the use of toxic solvents,3–5 neverthe-

less, the real applicability is often hindered by some limitations

including a lack of long-term stability, difficulties in recovery

and recycling, and protein contamination in the final product.6,7

To overcome these drawbacks, enzyme immobilization is incom-

ing as a valuable strategy to facilitate an efficient recovery and

reuse, allowing the repeated or continuous use in a variety of

reactors, such as packed bed, fluidized bed, flow-through micro-

reactor, and membrane.8,9

To date, a variety of inorganic (silica, zeolites, alumina, etc.) or

organic materials (hydrogels, porous acrylic resins, polymeric

membranes, etc.) have been explored as supports for enzyme

immobilization.10–13 The ability to form hydrophilic aqueous

microenvironments suitable for the accommodation of various

size of matters,14,15 together with their favorable properties,

mainly biocompatibility, swelling ability, and resistance to disso-

lution,16–18 makes hydrogels ideal supports for enzyme immobi-

lization, since they provide improved stability of the

immobilized enzyme preventing leakages or hindering the diffu-

sion of substrate molecules and reaction products.19,20

Three main approaches have been employed to functionalize

hydrogel networks with enzymes, namely encapsulation, bind-

ing, and cross-linking,21,22 each of them showing key advantages

and limitations. The encapsulation of enzymes in polymer net-

works allows an enhancement of thermal, pH, and storage sta-

bility,23 while the low-term resistance to hard reaction

conditions of some industrial processes (e.g. high ionic

strengths or reactant/product concentrations) is not totally

ensured, leading to a possible consistent reduction of the cata-

lytic activity upon time.24 As far as binding processes are con-

cerned, both covalent and noncovalent interactions can be

explored.25 Catalytic hydrogels synthesized by weak interactions

(hydrophobic and van der Waals forces) usually suffers for the

same stability problems above mentioned.

The covalent linkage generally involves the use of lysine, cyste-

ine, or aspartic and glutamic acid residues in the enzyme side

chains, which undergo derivatization reaction with activated
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hydrogels (by N-hydroxysuccinimide, epoxide, or diglycidyl

chemistry), carbodiimide coupling, or aldehyde-mediated conju-

gation/reduction.26,27 Nevertheless, reduction in the catalytic

efficiency (CE) can be recorded for covalent conjugation proc-

esses as a result of the irreversible deactivation of catalytic sites

during conjugation, carrying out to un-effective materials.28

A more valuable functionalization approach involves the modi-

fication of enzyme side chains with polymerizable groups to

fabricate highly reactive macromers. The main limitation of this

strategy is the need of a preliminary chemical treatment of

enzyme molecules, with a possible damage of their catalytic

cores.29

Recently, we explored the possibility to covalently functionalize

hydrogel networks with pepsin by inserting the enzyme into the

polymerization reaction without any preliminary chemical treat-

ment, in a totally eco- and bio-compatible single step-reaction,

with considerable advantages in terms of industrial applicabil-

ity.30 Based on previously reported results, here we have further

explored this synthetic strategy with the attempt to obtain a

hydrogel film with multicatalytic activity. More in details Pan-

creatin (PAN), a mixture of three different digestive enzymes

produced by the exocrine cells of the pancreas with Amylase,

Lipase, and Protease activity,31 was immobilized by free radical

reaction into a hydrogel composed of acrylamide (AAm) and

polyethylene glycol dimethacrylate750 (PEGDMA). The ultimate

aim of this study was the obtainment of multicatalytic hydrogels

with potential industrial applications in the bioremediation

processes for wastewater. In fact, such a multifunctional hydro-

gel could degrade a-1,4-glycosidic, triglyceride, and peptide

(mainly at lysine or arginine COOH side groups) bonds exploit-

ing the Amylase, Lipase, and Protease activities, respectively. An

extensive characterization of the kinetic and reusability proper-

ties of multicatalytic hydrogels was performed to prove the

applicability of the proposed macromolecular system.

EXPERIMENTAL

Pancreatin Solution

About 500 mg of Pancreatin from porcine pancreas (PAN,

Sigma Chemical, Milan, Italy) were dispersed in 25.0 of phos-

phate buffered saline (PBS, 1023M, pH 8.0), stirred for 30 min

at 48C and then centrifuged at 9500 rpm for 30 min using an

ALC multispeed centrifuge PK121 (Thermo Scientific, Milan,

Italy). The supernatant was freeze dried (Micro Modulyo freeze

dryer, Edwards, Albany NY, USA) and, then, reconstituted in

PBS (1023M, pH 8.0) for the synthesis of hydrogels at a final

concentration of 20 mg mL21.

Synthesis of Catalytic Hydrogels

About 534 mg of Acrylamide (AAm, Sigma Chemical, Milan,

Italy) were dissolved in 3.0 mL of Pancreatin solution in PBS

and, then, 466 mg of Polyethylene Glycol Dimethacrylate750

(PEGDMA, Sigma Chemical, Milan, Italy) and 2.4% Irgacure

2959 (1-[4-(2-hydroxyethoxy)-phenyl]-2-hydroxy-2-methyl-1-

propane-1-one, with a maximum absorption at around 275 nm,

BASF, Ludwigshafen, Germany) were added as cross-linker and

photoinitiator, respectively. The solution was poured in a poly-

merization cell formed by two 10 3 10 cm2 glass plates,

separated with Teflon spacers (thickness 1.6 mm), brought

together using binder clips. The polymerization was initiated by

a high pressure mercury lamp (HPK 125, Philips, Amsterdam,

Netherland, 10 mW cm22, wavelength 275 nm, irradiation time

10 min). Finally, the obtained hydrogels (labelled HPAN) were

extensively washed with water (10 3 50 mL) to remove

unreacted species and, then, dried for 12 h in an oven under

vacuum at 408C.

Blank hydrogels (labelled HB) were also synthesized as control

samples: in this case the polymerization was performed in the

absence of PAN.

About 250 mg amount hydrogels were crushed, grounded into

powder, sieved through a 63 mm stainless steel sieve and exten-

sively washed with water (5 3 50 mL).

Determination of Protein Content by Lowry Assay

Standard solutions of PAN (concentrations of 0.25, 0.50, 0.75,

1.00, 1.25, 1.50, and 2.00 mg mL21) were prepared for the con-

struction of analytical curves after appropriate dilution of a

stock solution (10 mg mL21). Aliquots of 800 lL of each stand-

ard, or blank, were transferred into test tubes and 4 mL of rea-

gent C (Na2CO3 2% (w/v)/NaOH 0.1M 1 KNaC4H4O6�4H2O

2% (w/v)/CuSO4�5H2O 1% (w/v), all reagents from Sigma

Chemical, Milan, Italy) were added. After 10 min 400 lL of

Folin-Ciocalteu reagent (Sigma Chemical, Milan, Italy) were

also added and solution mixed. After 30 min, absorbance was

measured at 750 nm on a Jasco V-530 UV-Vis spectrometer

(Jasco Europe, Milan, Italy).32 The same procedure was per-

formed when a fixed amount of both crushed and uncrushed

hydrogels film (5.0 mg) or 800 mL of media employed in the

purification step of hydrogels. The results were expressed as mg

of immobilized PAN per gram of polymer.

Dynamic Swelling Behavior

The hydrogel swelling degree was measured in water media as

follows: specimens of � 1 cm2 were cut from dried samples,

weighted, placed in a 5-mL sintered glass filter (porosity G3),

and left to swell for 12 h by immersing the filters in beakers

containing the swelling medium at 37.0 6 0.18C. Then, at suita-

ble time intervals (1; 15; 30; 60; 120; 240; 360 min) excess water

was removed, and samples were blotted with a tissue in order

to remove surface moisture and weighed.

The water content percentage, WR, was expressed by the follow-

ing equation:

WR5
Ws2Wd

Wd

3100 (1)

Ws and Wd are the hydrogel weights in the swollen and dried

state, respectively.

The network parameter M c of hydrogels was calculated by the

Flory–Rehner Equation in the form proposed by Kulkarni33:

�M c52dpvm;1/
1=3 ln 12/ð Þ1/1v/2
� �21

(2)

vm,1 was the molar volume of the swelling media, v is the

Flory–Huggins interaction parameter and / is the polymer vol-

ume fraction in the swollen state which is a measure of the

amount of fluid retained by the hydrogel.
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/ was calculated by using the following equation:

/5
dp

ds

� �
ws2wd

wd

� �
11

� �21

(3)

dp and ds were the densities of polymer and solvent (g/cm3); wd

and ws the weight of polymer before and after 360 min swelling,

respectively.

v was calculated experimentally from the temperature coeffi-

cient of volume fraction (d//dT) according to the following

equation:

v5 / 12/ð Þ21
1N ln 12/ð Þ1N/

� �
2/2/2N2/2T21 d/

dT

� �21
" #21

(4)

(d//dT) is the slope obtained by plotting the volume fraction

data versus temperature (K) and N is calculated according to

the following equation:

N5
/

2=3

3
2

2

3

 !
/

1=3 2
2

3
/

� �21

(5)

The mean pore size (nm) of the polymeric network of the

hydrogels (n) was estimated using the below equation:

n50:071/
21=3 �M cð Þ

1=2 (6)

Determination of a-Amylase Activity

Fuwa method with slight modifications was employed for the

determination of Amylase activity.34 Briefly, 5 mL of PBS

(1023M, pH 6.9) containing PAN (1.75 mg) or HPAN (aliquots

containing 1.75 mg of immobilized enzyme as assessed by

Lowry method) were mixed with 25 mL of starch (Sigma

Chemical, Milan, Italy) water solution (final concentrations of

0.50; 1.00; 1.71; 2.56; 3.41; 4.27; 5.00 mg mL21) and incubated

at 378C for 30 min. The reaction was then terminated by adding

5.0 mL of 1.0N acetic acid (Sigma Chemical, Milan, Italy). After

5 min, the mixture was transferred into a 250 mL flask and

diluted to 200 mL with water, followed by the addition of

5.0 mL of iodine reagent (0.2% iodine and 2% potassium

iodide, Sigma Chemical, Milan, Italy). Finally, the Amylase

activity was determined by measuring the absorbance of solu-

tions at 700 nm on a Jasco V-530 UV-Vis spectrometer.

One unit of enzyme (U) for the starch–iodine assay was defined

as the disappearance of an average of 1 ng of iodine binding

starch material per min in the assay reaction.35

Determination of Lipase Activity

The kinetic of Lipase activity was measured at pH 8.0 and

under the standard assay conditions described in literature with

some modifications, using olive oil emulsion as a substrate.35,36

More in details, olive oil emulsions were obtained by mixing

10.0 mL of olive oil in 90 mL of 10% Arabic gum (Sigma

Chemical, Milan, Italy). Different amounts of this substrate

emulsion were added to the reactor containing PAN (7.0 mg)

or HPAN (aliquots containing 7.0 mg of immobilized enzyme as

assessed by Lowry method) to raise the final concentrations of

1.81; 3.63; 5.45; 7.23; 9.15; 10.93; 12.82; 15.53; 18.24 mg mL21,

and the reaction proceeded for 5 min under stirring. The

released fatty acids were titrated with 0.02 mol L21 of potas-

sium hydroxide solution.

One unit of enzyme (U) for the lipase activity was defined as

an average of 1 ng of oleic acid equivalents released per min in

the assay reaction.

Determination of Protease Activity

The kinetic of Protease activity of PAN and HPAN was deter-

mined by using casein as substrate, by the method reported in

literature with some modifications.37 Briefly, free (5.5 mg) and

immobilized enzymes (5.5 mg equivalent as per Lowry method)

were incubated with 20 mL of casein solutions (Sigma Chemi-

cal, Milan, Italy, final concentrations of 0.50; 0.75; 1.00; 1.25;

1.87; 2.25; 2.50 mg mL21) for 5 min in PBS (1023M, pH 7.5).

The enzymatic reaction was stopped by adding 4 mL of tri-

chloroacetic acid solution (10% w/w, Sigma Chemical, Milan,

Italy), the mixture was allowed to stand for 30 min at 48C and,

then, centrifuged at 9500 rpm for 30 min using an ALC multi-

speed centrifuge PK121 (Thermo Scientific, Milan, Italy). Casein

hydrolysis was estimated by the Folin-Ciocalteu assay.38 Briefly,

1.0 mL of supernatant diluted in distilled water (6.0 mL) and

Folin-Ciocalteu reagent (1.0 mL) were mixed thoroughly. After

3 min, 3.0 mL of Na2CO3 water solution (7.5% w/w) were

added, and the mixture was allowed to stand for 2 h with an

intermittent shaking. The Protease activity was determined by

comparing the absorbance of solutions at 750 nm on a Jasco V-

530 UV-Vis spectrometer to the calibration curve of free Tyro-

sine, recorded by employing five different Tyrosine standard sol-

utions. In particular, the calibration curve was recorded by

measuring the absorbance of Tyrosine solutions in the Folin-

Ciocalteu system at concentrations of 10.0; 25.0; 50.0; 100.0;

and 150.0 lM after 2 h from the preparation. The correlation

coefficient (R2), slope, and intercept of the obtained regression

equation were calculated by using the method of least-squares.

One unit of enzyme (U) for the protease activity was defined as

an average of 1 ng of tyrosine equivalents released per min in

the assay reaction.

Reusability Assay

For each catalytic activity, reusability was evaluated by perform-

ing 10 consecutive reaction cycles following the above describe

protocols. After each cycle, residual activities were determined

and films were recovered, stored for 24 h at 58C, and, then,

reused employing fresh substrates. Furthermore, the reusability

was also tested by cross-assays alternating the catalytic assays

(all the possible combinations were tested).

Statistical Analysis

All experiments were performed in triplicate, and results were

in agreement within 6 5% standard error. One-way analysis of

variance was performed to assess the significance of differences

among data. Turkey–Kramer post-test was used to compare

mean values of different data treatment. P< 0.05 was considered

statistically significant.
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RESULTS AND DISCUSSION

Synthesis of Catalytic Hydrogels

Several food, pharmaceutical, and textile industry effluents are

rich in starches, proteins, and oil-rich compounds, thus the

digestion of such organic pollutants with hydrolytic enzymes

can help in wastewater bioremediation.39–41 Here, catalytic

hydrogels were developed in the form of polymeric films, bear-

ing three activities because of the covalent immobilization of

the enzymes contained in the Pancreatin complex (PAN). The

immobilized Pancreatin was expected to confer Amylase, Lipase,

and Protease activity to final hydrogels, which were proposed as

valuable material for wastewater treatment.

The synthetic approach to fabricate multicatalytic hydrogels con-

sisted of a single-step free radical polymerization involving PAN,

AAm, and PEGDMA as catalyst, monomer, and cross-linker,

respectively. Irgacure 2959 induced the photo-polymerization of

acrylate monomers to form a polymer layer with PAN units ran-

domly inserted into the network. Specifically, the disposable het-

eroatoms of amino acid residues in the protein structure (mainly

Lysine, Histidine, Cysteine, Serine, Tyrosine, etc.) underwent radi-

cal grafting onto the growing polymer chains with the resulting

covalent immobilization of enzymes. This reaction mechanism is

widely explored for the synthesis of functional biopolymers show-

ing high enzymatic or therapeutic efficiencies, and offers the key

advantages of operating in mild conditions, without any prelimi-

nary chemical treatment, any toxic solvents or by-products, and

preserving the key properties of the biomacromolecules.42–44

The reaction conditions, chosen according to the previously

obtained results, consisted in a mixture of AAm and PEGDMA

(molar ratio 12 : 1) in a PAN solution (60 mg mL21 in PBS

1023M, pH 8). Different molar ratios were discarded since lower

amounts of PEGDMA resulted in poorly cross-linked materials,

while no significant improvement in the hydrogel performance was

observed increasing the PEGDMA amount. At the same time, the

PAN concentration (the highest amount soluble in the system) was

selected to maximize the CE of the final hydrogels, since lower pro-

tein amounts carried out to materials with lower enzymatic activity.

To assess the complete removal of any trace of unreacted

enzyme, HPAN was extensively washed till no protein can be

detected by Lowry assay in the washing media. The same results

were obtained when the Lowry assay was performed on the

washing media of the crushed HPAN, proving the covalent

immobilization of PAN into the hydrogel network, and that no

encapsulation phenomena occurred.

Swelling behavior and kinetic studies of the catalytic activities

were performed to characterize the HPAN, while noncatalytic

materials (HB, synthesized in the same reaction conditions of

HPAN, but in the absence of PAN) were used as control.

The dynamic swelling behavior of HB and HPAN is reported in

Figure 1 HB showed a high water affinity and a fast swelling upon

time, while the presence of PAN was found to reduce the swelling

rate, while not effecting the WR values at the equilibrium (368%

and 360% for HB and HPAN, respectively, see Table I).

Flory-Rehner Equation was applied for the extrapolation of network

parameters, namely the molecular weight of the polymer chain

between two neighboring cross-links (M c) and the corresponding

mesh size (n, see Table I).33 The average pore diameter of HPAN was

found to be 27 nm, consistent with the hydrodynamic diameter of

the substrate employed in the catalytic determinations.45–47 Interest-

ingly, the incorporation of the enzyme in the hydrogel network did

not significantly modify the calculated pore size.

Evaluation of Catalytic Activity

The catalytic performance of HPAN was investigated as Amylase,

Lipase, and Protease activities by employing starch, olive oil, and

casein as substrates for each determination and comparing the

found activities with those obtained with free PAN (Figure 2).

Before the evaluation of the catalytic activities, the HPAN func-

tionalization degree (expressed as milligrams of PAN per gram

of hydrogel) was assessed by the Lowry method (Table I), and

found to be 45.1 6 1.1. After that, the kinetic determinations

Figure 1. Dynamic swelling profiles of HPAN (�) and HB (�).

Table I. Chemical Composition and Characterization of Hydrogels

Code

Composition
Immobilization
Efficiency

Swelling
Behavior Networks Parameters

PAN (mg)
AAm
(mg/mmol)

PEGDMA
(mg/mmol)

Immobilized
PAN (mg/g) WR (%) Mc (g/mol) f (nm)

HB – 534/7.51 466/0.62 – 368 6 5 35,957 28

HPAN 60 502/7.06 438/0.58 20.1 6 1.3 360 6 3 34,643 27

PBS Volume 5 3 mL; Hydrogel thickness 5 1.6 mm; PAN 5 Pancreatin; AAm 5 Acrylamide; PEGDMA 5 poly-(ethylene glycol) dimethacrylate 750.
WR 5 Water content percentage at equilibrium (after 360 min).
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were performed by measuring initial reaction rates at different

amounts of substrates.

Michaelis-Menten kinetic behaviors were evaluated according to

the following equation:

V5
Vmax S½ �
KM 1 S½ � (7)

V is the reaction rate, [S] the substrate concentration, Vmax

defines the highest possible velocity when the enzyme is satu-

rated with substrate. KM is the Michaelis-Menten constant and

is defined as the substrate concentration that gives a reaction

velocity of 1=2Vmax.48,49

The kinetic parameters KM and Vmax, calculated via the Line-

weaver–Burk linear fitting according to the following equation,

are collected in Table II.

1

V
5

KM

Vmax

1

S½ �1
1

Vmax

(8)

The units of free and immobilized enzyme (U) were expressed

as ng min21 of hydrolyzed substrate (Amylase) or released

product equivalents (Lipase and Protease) per mg of enzyme.

The CE was evaluated by considering the Vmax/KM ratio, while the

effect of the immobilization process on the CE was better high-

lighted by introducing the ratio, RCE, between CE of free enzyme to

CE of immobilized enzyme according to the following equations:

CE5
Vmax

KM

(9)

RCE5
CEHPAN

CEPAN

(10)

It was found that blank hydrogels, HB, were not able to interfere

with all the catalytic determinations.

Amylase Activity

Pancreatic a-Amylase catalyses the initial step in the hydrolysis

of starch by cleavage of a-1,4-glycosidic linkages, to form a mix-

ture of smaller oligosaccharides consisting of maltose, malto-

triose, and a number of a-(l-6) and a-(1-4) oligoglucans.50

According to the literature, the determination of Amylase activity

is based on the decreased staining value of blue starch–iodine

complexes, since Amylase reduces the concentration of starch

polymers that are able to bind iodine and the obtained oligosac-

charides are too short to efficiently interact with iodine.34

Figure 2. Schematic representation of a multicatalytic hydrogel.

Table II. Kinetic Characterization of Free and Immobilized Pancreatin

Activity Vmax (U mg21) KM (mg mL21) CE RCE

PAN HPAN PAN HPAN PAN HPAN

Amylase 23.14 3 106 0.58 3 106 4.73 1.30 4.89 3 106 0.45 3 106 0.09

Lipase 0.91 0.44 4.20 6.61 0.22 0.07 0.32

Protease 0.73 0.30 1.15 1.24 0.63 0.24 0.38

Catalytic efficiency CE5 Vmax
KM

; Catalytic efficiency ratio RCE5
CEHPAN
CEPAN

.
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As shown in Table II and Figure 3(A,B), the immobilization

of PAN carried out to a catalytic hydrogel able to hydrolyze

starch. As expected, the covalent immobilization reduced the

CE (by almost 10 folds), with HPAN showing a lower reaction

rate (Vmax changed from 23.14 3 106 to 0.58 3 106 U mg21)

and a faster saturation as a consequence of changes

in the affinity for the substrate (KM varied from 4.73 to

1.30 mg mL21).

Figure 3. Kinetic characterization of catalytic activity of PAN (�) and HPAN (�). (A–B) Amylase; (C–D) Lipase; (E–F) Protease; (A–C–E) Initial reaction

rate; (B–D–F) Lineweaver–Burk plots.
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Lipase Activity

Lipases are defined as triacylglycerol acylhydrolases catalysing the

hydrolysis of fats and oils at the interface between water and lipi-

dic substrates,36 thus for the determination of the Lipase activity

of both free and immobilized PAN, olive oil was used as a sub-

strate in the presence of Arabic Gum as emulsifying agent.35

The results of the kinetic determinations [Figure 3(C,D)] clearly

proved that the lipolytic activity was well preserved upon

immobilization, since the RCE value was 0.32. A decrease of

Vmax and increase of KM values from 0.91 to 0.44 U mg21 and

from 4.20 to 6.61 mg mL21 (for free and immobilized enzyme,

respectively) is recorded, as a consequence of a slight reduction

of the affinity between enzyme and substrate.

Protease Activity

Proteases are a class of hydrolytic enzyme widely used in indus-

trial and biomedical applications. Trypsin is the Protease found

in PAN and hydrolyzes peptide, ester, and amide bonds at the

carboxylic groups of Arginine, Lysine, and Ornithine.37 Casein

was employed as the substrate for the determination of Protease

activity [Figure 3E,F)], which was estimated by the color devel-

opment involved in the redox reaction between the Folin-

Ciocalteu reagent and Tyrosine released by the proteolytic cleav-

age.30 The Protease activity was found to be close to that

obtained for the free enzyme, with a RCE of 0.39.

Enzyme Reusability

The possibility to reuse the proposed hydrogels without a signif-

icant loss in the CE loss is a key item for their possible applica-

tion in wastewater bioremediation processes. Thus, 10 repeated

hydrolytic cycles were performed to determine how the reuse

can affect each activity, and data were collected in Figure 4.

The results proved that the hydrogel performance was well

retained: the residual activity after 10 cycles was higher than

60% in all cases, with protease showing the best score (65%).

More interestingly, it was found that residual activities did not

influence with each other, with exciting practical appeals. The

same residual activities were indeed recorded alternating the

hydrolytic assays in all possible combinations. This is of tremen-

dous importance, since the wastewater bioremediation often

involves multifactorial contamination where, for an effective treat-

ment, the hydrolysis of proteins, polysaccharides, and oils is

needed. An apparent drawback arising from above reported results

is the reduction in the catalytic activity which is higher than those

reported in the available literature, reporting data on the immobi-

lization of either PAN (38% vs 85% of protease activity) or indi-

vidual enzymes on different supports.51–54 The decrease in the

catalytic activity could arise from the particular components (AA

and PEGDMA used in the preparation of hydrogels), and the pro-

posed synthetic approach, which could reduce enzyme efficiency.

In particular, literature data51 refers to the PAN immobilization

on a preformed polymer (Carboxymethyl Cellulose), and the

covalent linkage did not affect the internal sites (and thus the cat-

alytic pockets) of enzyme molecules. In our condition, it can be

hypothesized that, during the immobilization process, PAN is ran-

domly linked to the growing polymer chain, with a possible co-

cross-linking process reducing the accessibility of the catalytic

sites.55 Nevertheless, the proved reusability, together with the easy

and scalable fabrication procedure, are the key advantages making

the proposed idea a valuable tool to design a new generation of

multifunctional catalysts with versatile applications.

CONCLUSIONS

To the best of authors’ knowledge, this work is the first example

of covalent immobilization of an enzyme mixture (i.e. Pancrea-

tin) into an acrylate cross-linked polymer by a single step green

process involving a UV-induced radical reaction.

The key finding of this study is the possibility to obtain a bio-

catalyst with multifunctional activity, able to work on the cleav-

age of a-1,4-glycosidic, triglyceride, and peptide bonds by virtue

of the intrinsic activities of the immobilized enzymes, namely

Amylase, Lipase, and Protease.

The catalytic characterization of multifunctional hydrogels

allowed the determination of the kinetic parameters, proving

the suitability of the synthetic approach for the insertion of

enzyme moieties into the macromolecular systems without a

significant loose of the catalytic performance. More in detail,

Protease activity was found to be highly preserved, while the

reduction in the CE was slightly higher for Lipase and Amylase.

The good reusability properties and the ease of handling confer

considerable appeal to the whole system for industrial applica-

tions like wastewater bioremediation.
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