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a b s t r a c t

Lipase immobilization has been widely studied because it allows for enzyme reuse and pro-

vides more assertive control over the catalytic process. This study aimed to evaluate the effect 

of bead size on the performance of entrapped lipase. Eversa® Transform 2.0 was immobilized 

on calcium alginate beads by jet cutting and dripping. Beads produced by jet cutting were 

small (D[3,4] = 803.36  ±  16.9 µm) and had a relatively narrow size distribution (span of 0.79). 

Beads obtained by extrusion dripping measured 2459.98  ±  15.6 µm and had a span of 0.45. 

Infrared spectroscopy and microscopic analysis confirmed the presence of lipase in both types 

of beads. Lipase showed high hydrolytic activity in its free form (15,000 U g−1). Immobilization 

in calcium alginate was effective but decreased recovered enzyme activity. The porosity of 

loaded beads varied with size. The high surface area (5.46 vs 3.13 m2 g−1) and porosity (76.33% 

vs 21.65%) of beads produced by jet cutting, as compared with those produced by dripping, 

favored enzyme activity (3000 vs 1500 U g−1 protein). The results indicate that facilitated mass 

transfer is an important factor in the development of immobilized enzymes.
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1. Introduction

Lipases (triacylglycerol acyl hydrolases, EC 3.1.1.3) are a 
group of enzymes possessing a catalytic triad composed of a 
serine, a histidine, and an aspartate or glutamic acid residue 
(Fojan, 2000; Neves Petersen et al., 2001). These enzymes are 
extensively used in dairy, oil and fat, food, nanotechnology, 
and biofuel industries (Almeida et al., 2021a; Facin et al., 
2019). However, in their free form, lipases have important 
disadvantages, such as high cost, high solubility, difficult 
reuse, and very low stability under extreme pH and tem-
perature conditions (Badoei-dalfard et al., 2022; Guisan et al., 
2022). Enzyme immobilization has emerged as a tool to solve 
these problems (Costa et al., 2019; Nwagu et al., 2021; 
Remonatto et al., 2022).

Immobilization can be divided into four main methods: 
adsorption, entrapment, covalent linking, and crosslinking. 
Entrapment is an irreversible, inexpensive, and simple 
technique that embeds enzymes in a polymer network. This 
method prevents enzyme aggregation and leaching and im-
proves stability. Furthermore, entrapment in a gel matrix is a 
mild process that provides the necessary conditions for the 
enzyme to retain its optimal structure. However, a dis-
advantage of such a method is that the gel wall represents a 
barrier to the mass transfer of substrates from the bulk 
medium to active sites and prevents the transfer of products 
in the opposite direction (Bolivar et al., 2022; Imam et al., 
2021; Rafiee and Rezaee, 2021).

In addition to the advantages and disadvantages reported 
above, another important point is that the immobilization 
process may affect enzyme kinetics, mainly en-
zyme–substrate affinity (Km) and maximum velocity (Vmax). 
These effects usually stem from changes in enzyme flex-
ibility, diffusional limitations, and the formation of the 
Nernst diffusion layer (Agrawal et al., 2016; Almeida et al., 
2021a, 2021b). However, the occurrence and extent of such 
changes in enzyme kinetics depend on the type of enzyme 
and immobilization technique.

Riley et al. (1997) used a computational model to evaluate 
oxygen migration through cells immobilized in 0.5, 1, and 
2 mm beads. The results showed that oxygen penetrated to a 
maximum depth of about 0.4 mm and that smaller beads 
contained a higher density of viable cells, had higher cell 
viability, and produced more antibodies per unit volume, 
which may be associated with reduced mass transfer pro-
blems. Liu (2020), in a theoretical study, described that the 
particle size effect follows the same trend seen in solid cat-
alyzed systems: smaller bead sizes lead to higher mass 
transfer rate and efficiency. Alloue et al. (2008) studied the 
immobilization of lipase in alginate beads by extrusion 
dripping and obtained immobilization yields of 36.1% and 
39% for beads measuring 2.43 and 1.41 mm, respectively. The 
authors stated that, as expected, the activity of entrapped 
lipase decreased as bead size increased.

Extrusion dripping, the method traditionally used for bead 
production, produces large particles measuring about 2 mm. 
Jet cutting has been proposed as a tool to combine the ad-
vantages of gel entrapment with the possibility of producing 
smaller beads. Jet cutting involves pumping a solution 
through a nozzle at a high flow rate in order to produce a 
continuous jet. A snipping tool placed at the outlet of the 

nozzle cuts the jet, leading to a reduction in bead size (Prüße 
et al., 1998b; Prüße et al., 2002; Paulo et al., 2017).

Prüße et al. (1998a) produced 0.2 mm alginate beads using 
high rotation (2000 rpm). Paulo et al. (2017) obtained jet-cut 
alginate beads measuring only 1.1 (900 rpm) and 1.5 mm 
(600 rpm), whereas those produced by dripping measured 
between 2.2 and 4.6 mm. The authors noted that an increase 
in rotation speed led to a reduction in bead size.

The process of particle formation in both techniques is 
based on the ionic replacement of the sodium of sodium al-
ginate by calcium ions (Ca2+) from calcium chloride, as 
widely reported in the literature (Carvalho et al., 2021; de 
Moura et al., 2018; de Souza et al., 2022). The replacement 
mechanism is nonselective, involving carboxyl and hydroxyl 
groups of the polymeric chain in such a manner that an in-
terleaved "egg-box" structure is created (Souza et al., 2022; 
Kabir et al., 2020; Silverio et al., 2018). According to Cao et al. 
(2020), the formation process can be divided into three dis-
tinct and successive steps: (i) formation of monocomplexes 
between Ca2+ and guluronic acid units in a single alginate 
chain, (ii) formation of egg-box dimers by the pairing of 
monocomplexes, and (iii) formation of multimers through 
the lateral crosslinking of egg-box dimers.

The high yield and small bead size afforded by jet cutting 
suggest good potential for enzyme entrapment. However, jet 
cutting is still a new technology, and more studies are needed 
to understand phenomena occurring during bead formation. 
No study has yet assessed the use of jet cutting for lipase 
immobilization. To fill this gap, this study aimed to produce a 
novel entrapped lipase biocatalyst by the jet cutting technique 
and compare it with a drip-formed biocatalyst.

2. Material and methods

2.1. Chemicals

Lipase Eversa® Transform 2.0 (lipase from Thermomyces la-
nuginosus expressed in Aspergillus oryzae, Novozymes S/A), p- 
nitrophenyl palmitate (pNPP), p-nitrophenyl (pNP), and 
fluorescein isothiocyanate isomer I (FITC) were purchased 
from Sigma–Aldrich (St. Louis, MO, USA). Sodium alginate 
(Manugel GMB, MW = 170–240 kDa; mannuronic acid/ga-
lacturonic acid ratio ≅ 40:60) was kindly donated by DuPont 
Brasil (Cotia, SP, Brazil).

2.2. Influence of flow rate on jet-cut beads

The effects of jet flow rate (18.46  ±  0.28, 36.44  ±  0.51, 
46.93  ±  0.40, and 52  ±  1.33 mL min−1) on mass yield and bead 
size were studied. Sodium alginate solution (2% w/v) was 
pumped by a peristaltic pump (MasterFlex®, Cole-Parmer, 
Chicago) through silicone tubing (4 mm i.d., 51 mm wall 
thickness) to a double-jacketed fluid atomizing nozzle (1 mm 
i.d.). Drops were allowed to fall into a 200 mM solution of 
calcium chloride (CaCl2). The rotation of the cutting tool was 
set at 1200 rpm, the distance between the nozzle and the 
cutting tool was 1 cm, and the distance between the cutting 
tool and the calcium chloride solution was 4 cm (Paulo et al., 
2017). Mass yield was calculated as the ratio of the initial 
weight of the sodium alginate solution to the weight of 
drained beads.
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2.3. Lipase immobilization by dripping and jet cutting 
methods

The two lipase immobilization processes are depicted in 
Fig. 1. First, Eversa® Transform 2.0 was added to 2% (v/v) 
sodium alginate at a ratio of 5 mL of enzyme to 100 mL of 
polymer solution. Then, the resulting solution was stirred for 
10 min using a magnetic stirrer. Afterward, the solution was 
dripped into a 200 mM CaCl2 solution. The flow rate was 
2.72  ±  0.10 mL min−1 for dripping and 52  ±  1.33 mL min−1 for 
jet cutting. Beads were left to rest for 15 min in CaCl2 solu-
tion, filtered through a sieve, and washed with distilled 
water.

2.4. Characterization of beads produced by jet cutting and 
dripping methods

Identification of the functional groups was performed by 
Fourier transform infrared spectroscopy (FTIR). FTIR spectra 
were recorded at a resolution of 4 cm−1 in the wavenumber 
range of 400–4000 cm−1 using an FTIR ATR Cary 630 spectro-
meter (Agilent, Bayan Lepas, Malaysia) equipped with 
MicroLab PC and Resolution PRO software (version 5.1.0.8). 
Before the analysis, samples were freeze-dried (Enterprise, 
Terroni, São Paulo, Brazil) for 24 h. The same procedure was 
carried out for Brunauer–Emmett–Teller (BET), apparent and 
true density, and scanning electron microscopy (SEM) ana-
lyses.

Specific surface area was determined by N2 physisorption 
(Anton Paar, Quantachrome NOVA 1200e, Germany) at 77 K 
and estimated by the BET method. Apparent density and 
pore size distribution were determined by mercury por-
osimetry (Micromeritics Instrument Corporation, AutoPore 
IV 9500, Norcross, Georgia, USA) under low (0.03–2.41 bar) and 
high (2.41–4136.85 bar) pressure. True density was de-
termined by helium gas pycnometry (Micromeritics 
Instrument Corporation, AccuPyc II 1340, Norcross, 
Georgia, USA).

The mean diameter of beads was determined by laser 
diffraction using an LV 950-V2 equipment (Horiba, Kyoto, 
Japan) according to a wet method with 99.5% dispersion. 
Mean bead sizes are expressed as mean volume diameters 
(D[3,4]). The polydispersity of small beads was estimated by 
the span index, calculated according to Eq. (1).

= D D DSpan ( )/[0.9] [0.1] [0.5] (1) 

where D[0.1], D[0.5], and D[0.9] are the diameters at 10%, 50%, 
and 90% of the cumulative size distribution curve, respec-
tively.

Wet particles were examined under a Nikon optical mi-
croscope (AZ100, Tokyo, Japan) at 4 × magnification and 
analyzed using Zen 2.6 software. SEM images were acquired 
using a scanning electron microscope (Hitachi TM4000Plus) 
equipped with TM4000 software. The microscope was oper-
ated at high vacuum conditions and an accelerating voltage 
of 15 kV. All samples were sputtered with gold before ana-
lysis.

Confocal laser scanning microscopy (CLSM) was carried 
out according to Zhang et al. (2016), using a confocal micro-
scope (Leica, TCS SP5 II, Leica Microsystems, Wetzlar, Ger-
many) and oil-immersion objective lenses ranging from 
20 × to 100 × . Excitation and emission wavelengths were 488 
and 515 nm, respectively. Lipase was stained by mixing 2 mL 
of sample before immobilization with 0.1 mL of FITC solution 
(2 mg of FITC per 1 mL of dimethyl sulfoxide). The resulting 
solution (lipase + FITC) was kept at room temperature under 
agitation (1000 rpm) for 1 h and then stored under refrigera-
tion for 7 h without agitation. After this period, excess FITC 
was removed by centrifugation using a Falcon tube with a 
10 kDa membrane. Lipase was added to sodium alginate so-
lution, and bead production was carried out as described 
above.

2.5. Immobilization parameters

Immobilization yield and recovered enzyme activity were 
calculated based on the following equations (Eqs. 2 and 3) 
(Boudrant et al., 2020; Sheldon and van Pelt, 2013):

= ×Y
EA EA

EA
100im

free supernatant

free (2) 

= ×RA
EA

EA EA
100derivative

free supernatant (3) 

where Yim is the immobilization yield (%), EAfree the specific 
activity of the free enzyme (U g−1), EAsupernatant the specific 
activity of the supernatant (U g−1), RA the recovered enzyme 

Fig. 1 – Illustrative diagram of dripping and jet cutting immobilization techniques. 
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activity (U g−1), and EAderivative the specific activity of the 
immobilized derivative (U g−1).

2.6. Effect of pH and temperature on lipase activity

A central composite rotatable design was used to simulta-
neously study the effect of pH and temperature on lipase 
activity (Table 1). Experiments were arranged as a 22 full 
factorial with 4 axial points and 3 repetitions of the center 
point, totaling 11 runs (Rodrigues and Iemma, 2014).

pH and temperature effects were analyzed at p  <  0.1 using 
Protimiza experimental design software (https://experi-
mental-design.protimiza.com.br/), which was also used to 
calculate factor levels and create the design matrix 
(Rodrigues and Iemma, 2014).

2.7. Enzyme activity and protein concentration

Protein concentration was determined according to the 
Dumas method (Dumas, 1831). Quantification was performed 
against a standard curve of rice flour solution using a ni-
trogen analyzer (NDA 701, Velp Scientifica, Italy).

Lipase hydrolytic activity was determined by measuring 
the hydrolysis of pNPP to pNP (Bresolin et al., 2020; Chiou and 
Wu, 2004). First, 500 µL of substrate (0.005% pNPP in ethanol) 
was added to 440 µL of phosphate buffer (1 M, pH 7.0). Then, 
60 µL or 60 mg of free or immobilized lipase was added to 
start the reaction. After incubation at 35 °C for 5 min, the 
reaction was stopped by adding 1000 µL of 0.5 M sodium hy-
droxide (pH 13). The mixture was centrifuged at 1000 rpm for 
10 min. Finally, the absorbance of a 1000 µL aliquot was 
measured using a spectrophotometer (Genesys 20, Thermo 
Fisher Scientific). Quantification was performed using a 
standard curve of pNP. One unit of enzyme activity (U) was 
defined as the amount of enzyme needed to release 1 µmol of 
pNP in 1 min. All experiments were performed in duplicate.

3. Results and discussion

3.1. Influence of flow rate on the production of jet-cut 
beads

The results of the effect of different flow rates on jet-cut 
beads are shown in Table 2. There were no statically sig-
nificant differences in mass yield or bead size between flow 
rates; all mass yields were greater than 65%.

The variation in bead size as a function of flow rate ob-
served in our study corroborates the results found in the 
literature. Prüße et al. (1998a) produced 0.2 mm alginate 
beads using high rotation (2000 rpm), and Paulo et al. (2017)
produced alginate beads measuring 1.1 mm by jet cutting at 
900 rpm and 1.5 mm by jet cutting at 600 rpm. As we used an 
intermediate rotation (1200 rpm), it was expected to obtain 
intermediate sizes, given that an increase in rotation speed 
results in a reduction in bead size, as previously reported 
(Paulo et al. 2017).

Polydispersity values lower than 1.0 were obtained under 
all flow rate conditions. The values were similar to those 
reported by (Paulo et al. 2017). A flow rate of 52 mL min−1 was 
used for lipase immobilization in further experiments be-
cause it provided the highest yield.

3.2. Physical characterization of beads

Mass yield was influenced by bead production technique. 
Whereas dripping afforded a mass yield of 76.19%  ±  2.03%, 
jet cutting afforded a lower value (52.24%  ±  6.46%). The lower 
mass yield obtained by jet cutting is due to the small size of 
the collecting recipient (Paulo et al., 2017), which favors col-
lision of the jet with recipient walls. A larger collecting re-
cipient is recommended, as it may provide a higher yield. Jet 
cutting (24.60  ±  3.05 g min−1) provided an 18.82 times higher 
yield than extrusion dripping (1.66  ±  0.01 g min−1). High 
yields are crucial for industrial application.

The physical characteristics of beads obtained by both 
techniques are shown in Table 3. The mean diameter of li-
pase-loaded jet-cut beads (803.36  ±  16.93 µm) was 3 times 
smaller than that of beads obtained by extrusion dripping 
(2459.98  ±  15.64 µm). Both materials showed low poly-
dispersity and monomodal distribution. Moura et al. (2018) 
used a feed rate of 11.5 mL min−1 and obtained beads ranging 
in size from 841.6 to 1169.22 µm and in span from 0.55 to 0.59. 
The authors used an encapsulating equipment that produces 
beads whose final size depends on the vibration frequency 
(100–2200 Hz) and electrode tension (400–2000 V) used to 
break the jet. The size of beads produced by jet cutting is 

Table 1 – Coded and real values used in the central 
composite rotatable design to study the effect of pH and 
temperature on lipase hydrolytic activity. 

Variable Code Level

− 1.41 − 1 0 + 1 + 1.41

pH x1 5 6 8 10 11
Temperature (°C) x2 30 36 50 64 70

Table 2 – Mass yield, size, and span of beads as a function of jet flow rate. 

Parameter Flow rate

A B C D

Mass yield (%) 70.65a ±  2.40 68.00a ±  4.82 72.27a ±  2.47 73.22a ±  2.54
D[3,4] (µm) 782.73a ±  88.40 780.52a ±  57.65 770.24a ±  23.90 840,82a ±  32.45
D[10] (µm) 389.08b ±  19.86 432.95ab ±  15.12 447.97a ±  28.45 486.20a ±  28.77
D[50] (µm) 807.83a ±  55.83 786.71a ±  44.67 782.25a ±  20.06 835.95a ±  25.65
D[90] (µm) 1223.59a ±  199.22 1102.43a ±  128.64 1067.49a ±  34.83 1189.95a ±  55.83
Span 0.98a ±  0.13 0.84a ±  0.13 0.79a ±  0.02 0.84a ±  0.04

A, 18.46  ±  0.28 mL min−1; B, 36.44  ±  0.51 mL min−1; C, 46.93  ±  0.40 mL min−1; D, 52  ±  1.33 mL min−1. Means in the same row followed by the 
same letter do not differ significantly from each other (Tukey's test, p  <  0.05).
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similar to that of beads produced by encapsulation; however, 
with jet cutting, it is possible to achieve a 4.52 times higher 
yield, and it is not required to apply vibration frequency or 
electrode tension.

The low polydispersity of jet-cut beads can be explained 
by the fact that high feed capacity imposes greater kinetic 
energy on droplet generation, leading to uneven disintegra-
tion of jet liquid into individual droplets, and, consequently, 
a polydisperse size distribution. Given the complexity of the 
bead formation technique, encompassing opening size, fluid 
pressure, fluid viscosity, cut, and tangential displacement, it 
is expected to obtain a more disperse system. A similar be-
havior is obtained with spray drying (Wu et al., 2007), in 
which several forces act to break droplets in the atomizer.

As a consequence of their smaller size, jet-cut beads 
showed higher surface area (5.46 m2 g−1) than drip-formed 
beads (3.13 m2 g−1). The specific surface area of alginate beads 
was similar to that of beads obtained by dripping in the study 
of Mai et al. (2013) (2.58 m2 g−1). Higher surface area is of ut-
most importance to improve mass transfer in biocatalyst 
applications.

Increasing the specific surface area of gel beads would 
facilitate mass transfer during enzymatic reactions. Khoo 
and Ting (2001) observed faster metal uptake kinetics for 
fungi-loaded polyvinyl alcohol beads than for fungi-loaded 
alginate beads and attributed this difference to the larger BET 
area of the former (48.1 m2 g−1) compared with that of the 
latter (6.25 m2 g−1).

Jet-cut beads had a ρapparent of 0.43 g cm−3 and a ρtrue of 
1.81 g cm−3, whereas beads obtained by extrusion dripping 
exhibited ρapparent and ρtrue values of 1.41 g cm−3 and 
1.80 g cm−3, respectively. According to Costa et al. (2021), 
ρapparent is calculated based on the relationship between 
mass and total volume of the solid, that is, the real volume of 
the adsorbent added to the volume occupied by Hg filling the 
pores of the solid. ρtrue is obtained by the ratio of mass to real 
volume, without considering empty pore volume. Thus, in 
this case, the higher density of drip beads might be asso-
ciated with the fact that larger beads occupy a greater total 
volume, thereby increasing the ρapparent value.

The porosity of jet-cut beads was 3.60 times greater than 
that of drip-formed beads. Deze et al. (2012) studied alginate 

aerogel beads and found a beneficial effect of porosity on 
diffusion. Thus, it is believed that high porosity may be as-
sociated with better substrate and product diffusion rates.

The N2 isotherms obtained by BET area analysis were 
classified as type II (Fig. 2), characteristic of non-porous or 
macroporous adsorbents. Structures are considered macro-
porous when pores have diameters greater than 50 nm, ac-
cording to the International Union of Pure and Applied 
Chemistry (IUPAC) (Thommes et al., 2015). These results 
corroborate those of pore size distribution by mercury por-
osimetry, which indicated that bead pores were larger than 
50 nm, being classified as macroporous. Given that both 
types of beads were macroporous, it is believed that size 
reduction did not influence the diffusion rate of sodium al-
ginate crosslinking.

Larger pores provide less resistance to mass transfer but 
may make it difficult for some substances to be entrapped 
(Kazan et al., 2017). Costa et al. (2021) produced beads from 
sericin/alginate/polyvinyl alcohol and observed a large 
number of macropores, as found here. Silva et al. (2021)
prepared sericin/alginate beads crosslinked by polyethylene 
glycol diglycidyl ether via dripping and found the beads to be 
macroporous.

3.3. FTIR and image analysis

Free lipase and beads were characterized by FTIR (Fig. 3). The 
presence of peaks at 3400–3200 cm−1 in the spectrum of free 
lipase is attributed to O–H stretching and asymmetric 
stretching of the primary amide NH2. It should be noted that 
the peak is intensified because of the presence of water and 
sorbitol in the enzyme extract. The peak at 1650 cm−1 is as-
sociated with the amide II band and the peak at 
1400–1200 cm−1 is due to the amide III mode (Bresolin et al., 
2019; Collins et al., 2011; Foresti et al., 2010).

All beads showed a peak in the 3600–3000 cm−1 region, 
which might be related to stretching vibrations of alginate 
O–H bonds (Daemi and Barikani, 2012). Although loaded 
beads contained small amounts of lipase, some changes 
were observed in their spectra compared with that of un-
loaded beads, mainly in the 1000–800 cm−1 and 
1300–1200 cm−1 regions.

Bead morphology is depicted in Fig. 4 and S1 
(Supplementary Material). Although both beads were sphe-
rical, drip-formed beads appeared to be more spherical than 
jet-cut beads. Paulo et al. (2017) found that an increase in jet 
cutter speed leads to a reduction in bead size but not to a 
change in morphology (beads continue to be spherical). The 
spherical structure of beads is related to surface tension 
forces, which should be sufficient to overcome impact and 
drag effects during the fall (Paulo et al., 2017; Prüße et al., 
1998a).

As shown in SEM micrographs, beads produced by ex-
trusion dripping (Fig. 4a1–b3) were larger than those pro-
duced by jet cutting (Fig. 4c1–d3), in agreement with size 
measurements. Bead shape was not influenced by produc-
tion technique. By either preparation method, unloaded 
beads (Fig. 4a1–a3 and c1–c3) had a smooth, crack-free sur-
face, whereas loaded beads exhibited roughness and cracks, 
confirming the presence of lipase. Similar results were found 

Table 3 – Physical properties of lipase-loaded beads 
prepared by jet cutting or extrusion dripping, as 
assessed by Brunauer–Emmett–Teller (BET) surface area 
measurement, mercury porosimetry (ρapparent), and 
helium gas pycnometry (ρtrue). 

Parameters Jet cutting Dripping

D[3,4] (µm) 803.36  ±  16.93 2459.98  ±  15.64
D[10] (µm) 487.83  ±  26.87 1885.17  ±  18.78
D[50] (µm) 804.16  ±  11.55 2475.82  ±  11.18
D[90] (µm) 1119.93  ±  27.32 3000.09  ±  6.81
Span 0.79  ±  0.04 0.45  ±  0.01
BET surface area (m2 g−1) 5.46 3.13
ρapparent (g cm−3) 0.43 1.41
ρtrue (g cm−3)* 1.81 1.80
Porosity (%) 76.24 21.65

*Unloaded beads.
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by Aharwar and Parihar (2021), Facin et al. (2018), and Kumar 
et al. (2017).

CLSM was used to confirm the presence of lipase in beads. 
According to Amirkhani et al. (2016) and Ghide et al. (2022), 
this technique can be used to visualize the distribution of 
lipase on dispersed and non-dispersed supports, as well as to 
evaluate diffusion restrictions within materials. CLSM 
images (Fig. 5) support SEM results, confirming the presence 
of lipase in beads (intense green points). It is possible to ob-
serve the distribution of lipase throughout beads, with 

similar patterns in both types of beads. The low density of 
green points is due to the low content of lipase used for 
immobilization. The presence of enzyme-free spaces (weak 
green) suggests the possibility of using higher enzyme 
loadings.

3.4. Immobilization parameters

An immobilization yield of 100% was obtained with both 
techniques, as lipase activity was not identified in the CaCl2 

solution. Pereira et al. (2018) obtained immobilization yields 
of 91.76–99.77% using Yarrowia lipolytica lipase. Drip-formed 
and jet-cut beads had recovered activities of 28.26%  ±  1.19% 
and 30.13%  ±  1.99%, respectively. It is known that enzyme 
activity may be affected by several factors during im-
mobilization, including enzyme content (Yagar and Balkan, 
2017). We believe that, because of the low amount of enzyme 
used, it was possible to achieve full entrapment.

The low values of recovered activity might be due to mass 
transfer problems. Imam et al. (2021) reported that mass 
transfer limitations are a drawback of the entrapment 
method; the material must be designed with appropriate 
pore size and matrix properties.

3.5. Effect of pH and temperature on lipase hydrolytic 
activity

On the basis of the previous experimental design, we carried 
out 11 runs in random order to study the effect of two 

Fig. 2 – N2 adsorption/desorption isotherms determined by Brunauer–Emmett–Teller surface area analysis (a, b) and pore 
size distribution determined by mercury porosimetry (c, d) of beads obtained by jet cutting (a and c) or extrusion dripping (b 
and d).

Fig. 3 – FTIR spectra of free lipase, lipase-loaded and 
unloaded beads produced by extrusion dripping, and 
lipase-loaded and unloaded beads produced by jet cutting.
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variables on enzyme activity. Table 4 shows the coded and 
real values of independent variables (factors) and the en-
zyme activity (response) obtained in each run. Table S3
(Supplementary Material) presents the predicted and relative 
errors of enzyme activity.

As described in Table 4, the highest enzyme activities 
were obtained at alkaline pH (pH 10 and 11). High hydrolytic 
activities for free lipase were observed under high pH com-
bined with low temperature conditions. Immobilized lipases 
(entrapped in drip-formed and jet-cut beads) showed ex-
cellent results at high temperatures and pH values, demon-
strating that immobilization provided an increase in the 

useful temperature range. A similar behavior was reported 
by Simón-Herrero et al. (2019) in studying the immobilization 
of laccase on polyimide aerogels.

Analysis of the effects of parameters on hydrolytic ac-
tivity was carried out considering regression coefficients and 
p-values (p  <  0.1), as shown in Table S1 (Supplementary 
Material). Temperature was significant for free lipase and 
lipase entrapped in drip-formed beads but not for lipase 
immobilized on jet-cut beads. The pH was significant for all 
biocatalysts. Three coded models containing the significant 
coefficients were generated, as shown in Eq. (4) (free lipase), 
(5) (drip-formed beads), and (6) (jet-cut beads). 

Fig. 4 – Surface topography of calcium alginate beads by scanning electron microscopy. a1–a3, unloaded beads obtained by 
extrusion dripping; b1–b3, lipase-loaded beads obtained by extrusion dripping; c1–c3, unloaded beads obtained by jet 
cutting; and d1–d3, lipase-loaded beads obtained by jet cutting.
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Y1 = 1077·40 + 1830·20x1
2 − 1314·09x2 + 1312·76x2

2 − 

3192·17x1x2                                                                   (4)

Y2 = 328·80 + 333·40x1 + 240·93x1
2 + 67·47x2 − 95·16x2

2 + 

150·13x1x2                                                                     (5)

Y3 = 333·73 + 754·52x1 + 764·04x1
2                                     (6) 

Analysis of variance (Supplementary Material) showed 
that the models were valid, with R2 values of 91.22% (free 
lipase), 99.33% (drip-formed beads), and 97.00% (jet-cut 
beads). F-values were higher than F-critical values (Rodrigues 

and Iemma, 2014). The contour plots of regression equations 
are shown in Fig. 6.

Fig. 6a shows that free lipase had a better activity in the 
pH range of 9–11 and low temperatures (30–40 °C). A similar 
behavior was observed by Miranda et al. (2020), who found 
increased activity at pH 5–10 and temperatures of 10–70 °C 
for the same lipase. Free lipase reached a hydrolytic activity 
of 15,000 U g−1 (Fig. 6a), with optimal activity in the pH range 
of 9–11 and low temperatures (30–40 °C).

Immobilization via extrusion dripping (Fig. 6b) afforded 
activities of up to 1500 U g−1. The best results were observed 
in the temperature range of 40–70 °C at alkaline pH. pH and 

Fig. 5 – Confocal laser scanning microscopy images of calcium alginate beads (20 ×, 43 ×, and 60 × magnification). a1–a3, 
beads obtained by extrusion dripping; b1–b3, beads obtained by jet cutting.

Table 4 – Hydrolytic activity of free lipase and lipase immobilized on beads obtained by extrusion dripping or jet cutting, 
as assessed at different pH values and temperatures. 

Run pH 
(x1)

Temperature, °C 
(x2)

Hydrolytic activity (U g−1)

Free lipase Drip-formed beads Jet-cut beads

1 6 (−1) 36 (−1) 2932.63 216.22 308.88
2 10 (1) 36 (−1) 8522.19 548.97 1775.96
3 6 (−1) 64 (1) 7456.61 64.86 106.35
4 10 (1) 64 (1) 277.50 998.13 1568.49
5 5 (−1.41) 50 (0) 5364.49 332.81 921.18
6 11 (1.41) 50 (0) 2957.38 1323.59 3118.12
7 8 (0) 30 (−1.41) 5527.37 70.46 230.07
8 8 (0) 70 (1.41) 724.71 241.57 460.13
9 (C) 8 (0) 50 (0) 1009.92 281.83 431.38
10 (C) 8 (0) 50 (0) 946.63 322.09 402.62
11 (C) 8 (0) 50 (0) 1275.65 382.49 460.13

C, center point.
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temperature exerted significant effects on the enzymatic 
activity of lipase immobilized on drip-formed beads, with 
greater influence of pH (Fig. 6b). It is believed that tempera-
ture had a slightly positive effect, as mass transfer increases 
at higher temperatures, facilitating contact between sub-
strate and active sites.

As depicted in Fig. 6c, enzymes immobilized by jet cutting 
had higher activity (up to 3000 U g−1) than lipase immobilized 
by dripping at any temperature in the studied range. At pH 
10.5 and 50 °C, jet-cut beads had higher activity (2531 U g−1) 
than drip-formed beads (1131 U g−1). Thus, about half of the 
amount of jet-cut beads can be used to achieve a similar 
hydrolytic activity as drip-formed beads. The non-significant 
effect of temperature on enzyme activity might be associated 

with the fact that lipases immobilized on jet-cut beads were 
protected from high temperatures. Furthermore, jet-cut 
beads showed higher porosity than drip-formed beads, a 
characteristic that facilitates access to the substrate.

4. Conclusion

Immobilization of Eversa® Transform 2.0 via jet cutting was 
found to be an interesting strategy compared with extrusion 
dripping. Jet cutting allowed obtaining smaller beads and 
higher yields than dripping. Furthermore, jet cutting pro-
vided an increase in mass transfer rate and superficial area, 
as well as higher lipase hydrolytic activity, compared with 
dripping. Future studies should focus on improving the break 
of droplets by jet cutting. Nevertheless, our results indicated 
the potential of this technique for lipase immobilization.
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