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Abstract
A new design of cross-linked enzyme aggregates (CLEAs) of Burkholderia cepacia lipase (BCL) based mainly on the use of 
lignocellulosic residue of palm fiber as an additive was proposed. Different parameters for the preparation of active CLEAs in 
the hydrolysis of olive oil, such as precipitation agents, crosslinking agent concentration, additives, and coating agents were 
investigated. The highest activity yield (121.1 ± 0.1%) and volumetric activity (1578.1 ± 2.5 U/mL) were achieved for CLEAs 
prepared using the combination of a coating step with Triton® X-100 and polyethyleneimine plus the use of palm fiber as an 
additive. The variations of the secondary structures of BCL-CLEAs were analyzed by second-derivative infrared spectra, 
mainly indicating a reduction of the α-helix structure, which was responsible for the lipase activation in the supramolecular 
structure of the CLEAs. Thus, these results provided evidence of an innovative design of BCL-CLEAs as a sustainable and 
biocompatible opportunity for biotechnology applications.
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Introduction

Enzymatic processes have become a promising alternative 
to chemical catalysis due to advantages such as high speci-
ficity to the substrate type and operation under mild condi-
tions of temperature, pressure and pH with high conversion 
rates [1]. Nevertheless, compared to the chemical route, the 
use of enzymatic processes has several limitations for its 

application at the industrial level, such as the high cost and 
low stability of enzymes, and when lipases are in the reac-
tion medium, they are usually solubilized and this makes 
their recovery difficult [2–5].

Thereby, cross-linked enzyme aggregates (CLEAs) as 
an immobilization technique have become an alternative 
to obtain active, insoluble, and low-cost biocatalysts [6–8]. 
This technique is based on the enzyme precipitation (usu-
ally polymers, salts or solvents), followed by a cross-linking 
step with a bifunctional or polyfunctional agent [9]. Nor-
mally, the most used cross-linking agent is glutaraldehyde 
due to its low cost and availability [2]. However, in-depth 
studies regarding the CLEAs formation are still required, 
because their use on an industrial scale is difficult due to the 
low mechanical resistance. On the other hand, the size and 
porosity of these aggregates can directly affect the catalytic 
activity of the biocatalyst [1, 10].

To improve the immobilization efficiency and the stabili-
zation of the CLEAs, the use of different additives are inves-
tigated, such as amino-rich proteins, ionic liquids, natural 
and synthetic polymers, surfactants, and magnetic particles 
[11–18]. Among amino groups-rich proteins, bovine serum 
albumin (BSA) and soy protein stand out for acting as a pro-
tein feeder and to promote increase cross-linking efficiency 
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[6, 12, 14–17]. In addition, BSA improves the tolerance of the 
enzyme to the glutaraldehyde (used as cross-linking agent), 
protecting it against its inactivation [11, 12, 19]. Thus, due to 
the complex nature involving the enzymatic stabilization, this 
work proposes for the first time the use of natural fibers as an 
additive for lipase immobilization by CLEA technique. Palm 
fiber (from Elaeis guineensis) may result in even a more stable 
biocatalyst by increasing the mechanical strength of the immo-
bilized material due to the presence of lignin, cellulose, and 
hemicellulose in the polymeric structures [20]. In addition, it 
may establish an alternative pathway for bioenergetic sustain-
ability as it is a lignocellulosic residue. Recently, CLEAs of 
lipase from Rhizopus chinensis was prepared in octyl-modified 
mesocellular foams using oxidized gum arabic, which exhib-
ited excellent thermal and mechanical stability, and could still 
maintain 69% of its initial activity after five reaction cycles 
[21]. Cross-linking of enzymes with nanofibers has shown 
better residual activity of lysozyme-CLEA using chitosan 
nanofibers. The immobilized lysozyme-CLEA retained more 
than 75% of its initial activity [22].

Another strategy in the search for more stable CLEAs is 
the use of coating agents (such as Triton® X-100, polyethylene 
glycol, and polyethyleneimine) prior to the protein precipita-
tion step. Coating agents are known to increase the mechanical 
strength by protecting the enzyme from inactivation and oxida-
tion during storage of immobilized biocatalysts and improv-
ing enzyme–substrate interaction [7, 23, 24]. However, the 
concomitant use of these coating agents has not been evalu-
ated, which could be an interesting strategy to take the better 
advantages of the individual agents.

Therefore, in this work, a new protocol based on the enzyme 
surface coating (in absence and presence of additives), precipi-
tation and cross-linking steps for the immobilization of Bur-
kholderia cepacia lipase by CLEA technique was proposed. 
The three precipitating agents (acetone, ethanol, and ammo-
nium sulfate) and the crosslinking agent (glutaraldehyde) were 
evaluated considering different concentrations. The best con-
ditions were further evaluated by two different strategies: (1) 
use of BSA and palm fiber (from Elaeis guineensis) as protein 
and non-protein feeders, respectively, and (2) application of an 
enzyme surface coating step with Triton® X-100 and polyeth-
yleneimine prior to the precipitation step. The activity yields 
of each step were evaluated in an olive oil hydrolysis reaction 
and the secondary structure of the CLEAs were analyzed using 
second-derivative infrared spectra by FTIR.

Material and methods

Material

Lipase from Burkholderia cepacia (BCL, ≥ 2.900 U g−1, pH 
7.0, 50 °C, and 38.14 mg protein/g), polyethyleneimine (PEI, 

50% (w/v) in H2O), and bovine serum albumin (BSA, ≥ 96% 
of purity) were purchased from Sigma-Aldrich Co (St. 
Louis, MO, USA). The precipitation agents (acetone, etha-
nol, and ammonium sulfate, all > 99% of purity) and the gum 
arabic were purchased from Synth (São Paulo, SP, Brazil). 
Glutaraldehyde solution (25% in H2O) was purchased from 
Vetec Quimica (Duque de Caxias, RJ, Brazil), Triton® X-100 
(TRX-100, 99.5% of purity) was acquired from Dinâmica 
(São Paulo, Brazil), the in natura palm fiber (from Elaeis 
guineensis) was obtained from the Costa do Dendê region 
(Valença, Bahia, Brazil), and olive oil (Carbonell) was pur-
chased at a local market.

CLEAs synthesis

CLEAs of BCL were prepared following a standard protocol 
described by Cao et al. [9]. The lipase was first dissolved in 
sodium phosphate buffer (pH 7.0, 100 mM) at a concentra-
tion of 0.3 g/mL and the precipitating agent was added. The 
resulting mixture of enzyme solution and the precipitating 
agent was kept for 30 min in an ice bath. Then, an appropri-
ate amount of glutaraldehyde (25% in H2O) was added to the 
solution and the crosslinking reaction proceeded for 2.5 h. 
The final suspension was centrifuged at 3400 rpm for 5 min. 
The precipitate was washed 3 times with sodium phosphate 
buffer (pH 7.0, 100 mM) and the resulting CLEAs were 
resuspended in sodium phosphate buffer (pH 7.0, 100 mM).

In this work, each step was evaluated separately and the 
optimum conditions for the precipitating agent, additives, 
and coating agents were determined. Thus, each step is sepa-
rately detailed below. Figure 1 shows the simplified proce-
dure for the synthesis of BCL-CLEAs.

Precipitating agent

Acetone, ethanol and ammonium sulfate were evaluated 
as precipitating agents. Each precipitant was evaluated 
separately at the volumetric ratios 1:1, 1:3, 1:5, 1:7, and 
1:9 (enzymatic solution:precipitant). Then, the phases were 
separated, and the solid phase was redissolved in 100 mM 
sodium phosphate buffer pH 7.0. Tukey’s tests were applied 
for statistical comparisons of the media, with a significance 
level of 5% (p < 0.05). The precipitation yield in terms of 
protein content (P) and enzyme activity (EA) was deter-
mined by Eq. (1).

where [PAG] and EAAG are the protein concentration and 
total enzymatic activity of the redissolved aggregates, 
respectively. [P] is the initial protein concentration (mg/

(1)Precipitation yield(P or EA)(%) =
[PAG] or EAAG

[P]orEA
i

× 100
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mL), and EAi is the total enzymatic activity of the initial 
solution of the enzyme.

Cross‑linking agent

The cross-linking agent (glutaraldehyde) concentration was 
evaluated between 25 and 200 mM. After the precipitation 
step, glutaraldehyde was added, and the crosslinking reac-
tion proceeded for 2.5 h at 4 ± 1 °sC using a water–ice bath 
to control the temperature. The final suspension was centri-
fuged at 3400 rpm for 5 min. The solid was washed three 
times with sodium phosphate buffer (pH 7.0, 100 mM), and 
the resulting CLEAs were resuspended in sodium phosphate 
buffer (pH 7.0, 100 mM).

Recovered activity (in %) and total activity yield (in %) 
of CLEAs (here and after) were determined from Eqs. (2) 
and (3), respectively.

where EACLEAs is the total enzymatic activity of the CLEAs, 
EAi is the total activity of the initial solution of enzyme 
introduced to the immobilization, EAs is the total enzymatic 
activity in the supernatant at the end of the crosslinking step 
and EAB is the total enzymatic activity of the wash superna-
tants of the CLEAs.

Use of additives

BSA and palm fiber were evaluated as additives in the prepa-
ration of CLEAs. The additives were added to the enzyme 

(2)Recovered activity(%) =
EACLEAs

EA
i
− (EAs + EAB)

× 100

(3)Total activity yield (%) =
EACLEAs

EA
i

× 100

solution (prior to the precipitation step) at the 1:1, 1:3, 3:1, 
1:5 and 5:1 mass ratios (enzyme:additive). After, precipita-
tion and crosslinking steps followed as described above.

Coating agents

TRX-100 and PEI were evaluated as coating agents in the 
preparation of CLEAs. In this case, the BCL solution (0.3 g/
mL prepared in 100 mM sodium phosphate buffer pH 7.0, 
without and with additives—BSA or palm fiber) was treated 
for 3 h with TRX-100 (1%, w/v) and for 30 min with PEI 
(1:1, volumetric ratio). The precipitation and crosslinking 
steps followed as described above.

Protein determination

The total protein concentration was determined by the 
Lowry method (when organic solvents were used) [25] and 
direct method (when using neutral salt) [26]. The absorbance 
of the samples was performed in a UV/Vis spectrophotom-
eter (Varian Cary-50) using a calibration curve constructed 
with BSA as standard protein. Controls for each sample 
(without enzyme) were prepared under the same conditions.

Enzymatic activity

The hydrolysis reaction was used to evaluate the enzy-
matic activity. The method was described by Soares 
et  al. [27] using a substrate formed by (10 mL) olive 
oil, (10 mL) sodium phosphate buffer (at 100 mM and 
pH 7.0) and 7% (w/v) gum arabic. The reaction medium 
containing 5 mL of the substrate and 0.1 mL of enzyme 
solution (0.3 g/mL) was incubated at 37 °C under con-
stant agitation (80 rpm) for 5 min in a Marconi MA-095 
shaker. Then, 2 mL of an acetone/ethanol/water solution 

Fig. 1   Simplified procedure for the synthesis of CLEAS of Burkholderia cepacia lipase
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(1:1:1, v/v/v) was used to stop the hydrolysis reaction. 
The liberated fatty acids were titrated with potassium 
hydroxide solution (0.03 M) using phenolphthalein as an 
indicator. One unit (U) of enzyme activity was defined 
as the amount of enzyme that liberated 1 micromol of 
free fatty acid per min under the assay conditions. For all 
reactions, three independent experiments were performed. 
The enzymatic activity (EA) was determined by Eq. (4)

where VTS is the volume of titrated sample (mL), VTB is the 
volume of titrated blank sample (mL), M is the molarity of 
KOH (mol L−1) and RT is the reaction time.

FTIR analysis

The secondary structure of the free enzyme and BCL-
CLEAs were analyzed by Fourier transform infrared spec-
troscopy (FTIR) analysis (Agilent Technologies Cary 630 
FTIR instrument). The deconvolutions of the Amide I 
region (1600–1700 cm−1) were performed using the Ori-
gin 8.5 software.

(4)EA (U) =
(VTS − VTB) × [M]

RT

× 1000

Results and discussion

Effect of precipitating agents

The first step of the CLEAs preparation was the selection of 
the precipitating agent. Precipitation yields (in %) of BCL 
using different precipitating agents (acetone, ethanol, and 
ammonium sulfate) in terms of precipitated protein content 
and enzymatic activity are shown in Figs. 2 and 3, respec-
tively. Figure 2 shows the precipitation yield in terms of 
precipitated protein content as a function of precipitating 
agent content used (enzyme solution: precipitating agent, 
volumetric ratio). In the Fig.  2 is clearly observed that 
from an enzyme solution:precipitating agent volume ratio 
of 1:3, the precipitation efficiency remains almost constant 
for all the evaluated precipitants, with a slightly higher 
capacity for acetone (88.65 ± 0.04%), followed by ethanol 
(85.47 ± 0.01%) and ammonium sulfate (84.14 ± 0.01%). 
The precipitated physical aggregates are formed by non-
covalent bonds that can be blocked to the access of large 
substrates when the cross-linking agent is added. There-
fore, it is possible to have an enzymatic conformation that 
is active upon redissolution with water but inefficient when 
the aggregate is formed [28]. 

Figure 3 shows the precipitation yield as a function of 
lipase hydrolytic activity. Ammonium sulfate was more 
efficient to prepare higher active CLEAs of BCL than 

Fig. 2   Precipitation yield (in %) in terms of protein (P) using differ-
ent volumetric ratios and precipitation agents (acetone, ethanol, and 
saturated solution of ammonium sulfate). Each point is the average 
of at least using different volumetric ratios and precipitation agents 

is and vertical bars indicate standard error of the mean. Differences 
between means were determined with factorial analyses of variance 
and Tukey’s test for multiple comparisons, All significant a diferences 
with a significance level of 5% (p < 0.05)
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the other precipitating agents tested (acetone and etha-
nol), with an activity yield of 290.3 ± 2.9% at an enzyme 
solution:precipitant ratio of 1:9 (v/v). These results were 
expected, since organic solvents can denature proteins, 
mainly due to the disruption of intra-noncovalent interac-
tions [19, 29, 30]. The active enzyme conformation may be 
restored after redissolving the aggregates in water, but not 
when they are “freeze” in the CLEAs strucutre. Pan et al. 
[19] and Hara et al. [12] also obtained similar results regard-
ing the use of ammonium sulfate as precipitating agent for 
the formation of CLEAs of Serratia marcescens and Burk-
holderia cepacia lipases, respectively.

Regarding the organic solvents, both showed similar 
behavior. The highest activity yields were obtained at 1:3 
volumetric ratio (214.2 ± 1.4% for acetone and 195.5 ± 2.3% 
for ethanol), with a decreasing as the amount of solvent was 
increased, thus reinforcing the deleterious effects on lipase 
activity. In view of these results, ammonium sulfate at a 
volumetric ratio of 1:9 (enzyme solution:ammonium sulfate 
solution) was selected for further studies.

Effect of the cross‑linker concentration

The concentration of glutaraldehyde was evaluated in the 
range of 25–200 mM, using the precipitant and the volumet-
ric ratio of enzyme solution:precipitant previously stablished 
(Sect. 3.1). The highest total activity yield was 51.6 ± 0.35% 
at 100 mM glutaraldehyde and with maximal enzymatic 
activity of 617.5 ± 2.5 U/mL (Table 1). The reduction of the 
total activity yields for glutaraldehyde concentrations higher 

than 100 mM may be justified by excessive crosslinking, 
resulting in loss of enzyme flexibility or diffusion resistance. 
These results have also been described for CLEAs of Ictula-
rus punctatus and Burkholderia cepacia lipases [12, 31]. 
Furthermore, at higher concentrations of glutaraldehyde, 
there is expected to form CLEAs with higher diffusional 
limitations due to the formation of larger particle size [28]. 
At low glutaraldehyde concentrations (below 100 mM) the 
opposite effect is also expected, i.e. insufficient cross-linking 
yields very flexible and unstable CLEAs allowing enzyme 
leaching [6, 32].

Effect of additives

The use of non-protein materials, such as chitosan nanofib-
ers and magnetic particles has been successfully described 
as additives in the CLEAs preparation of different 

Fig. 3   Precipitation yield (in %) in terms of enzyme activity (EA) using different volumetric ratios and precipitation agents (acetone, ethanol, 
and saturated solution of ammonium sulfate)

Table 1   Effect of glutaraldehyde concentration on the total activity 
yield of Burkholderia cepacia lipase CLEAs after precipitation step 
using (NH4)2SO4 at 1:9 volumetric ratio (enzymatic solution: precipi-
tating agent)

Glutaraldehyde 
(mM)

EA (U/mL) Total activity yield (%)

25 532.4 ± 4.4 44.5 ± 0.48
50 545.6 ± 4.4 45.6 ± 0.48
100 617.5 ± 2.5 51.6 ± 0.35
150 551.5 ± 2.5 46.1 ± 0.18
200 514.8 ± 4.4 43.0 ± 0.27
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enzymes, aiming to increase the crosslinking efficiency, 
mechanical resistance of the CLEAs, and also to facili-
tate their recovery from the reaction medium [8, 13, 18, 
22]. Thus, in this work, palm fiber was first evaluated as 
an additive in the CLEA preparation and the results in 
terms of total activity yield were compared to those using 
BSA, a protein additive conventionally used in the CLEA 
preparation.

Both CLEAs (with BSA and palm fiber) were more 
active than that prepared in the absence of additives 
(51.6% total activity yield), achieving total activity yields 
of 106.7 and 109.1% at an enzyme:additive mass ratio of 
1:5, respectively (Fig. 4). Using BSA as co-feeder, the 
increase in the activity yield may be explained by the high 
density of amino groups from lysine residues present in 
the protein surface, which contribute to a more effective 
crosslinking of the supramolecular structure of the BCL-
BSA aggregates [10, 15]. In addition, BSA also contrib-
utes to reduce intraparticle diffusional delay [16], mainly 
when large substrate are used. Thus, it can be supposed 
that palm fiber also contributed to reduce intraparticle 
diffusional delays and to increase the crosslinks with glu-
taraldehyde, because this reagent can react with several 
functional groups [33]. Thus, the use of palm fiber in the 
preparation of CLEAs is more attractive than the use of 
BSA in terms of cost, and also from an economic/envi-
ronmental point of view, due to the addition of value to an 
agro-industrial waste.

Effect of coating agent

TRX-100 and PEI were used as coating agents prior to the 
lipase precipitation and crosslinking steps aiming to prepare 
more active CLEAs. In the case of TRX-100, it has been 
reported that this non-ionic surfactant changes the lipase 
conformation in solution to the open form improving its 
interaction with its substrate [24]. In the case of using PEI to 
co-aggregate with the enzyme, it can improve the crosslink-
ing efficiency, preventing enzyme leakage and promoting the 
generation of a hydrophilic microenvironment that protects 
the enzyme from organic solvents [34–36], but it may also 
contribute to enlarge the pore sizes [18].

CLEAs of BCL prepared in the presence of TRX-100 
slightly increased the recovered activity and the total activ-
ity yield from 51.6 ± 0.3% (control without coating agent) 
to 57.4 ± 0.3% (Fig. 5), but almost doubled the volumetric 
activity of the CLEA (Table 2). This is because the total 
activity yield was calculated based on the total activity of 
the initial solution of the enzyme (already hyperactivated 
with TRX-100) introduced to the CLEA preparation. López-
serrano et al. [29] evaluated the preparation of CLEAs of 
lipases from Candida antarctica (lipase B), Thermomy-
ces lanuginosus, Rhizomucor miehei, Pseudomonas alca-
ligenes and Candida rugosa using TRX-100. In all cases, 
the activity yield of the CLEAs based on the hydrolysis of 
p-nitrophenyl was increased compared to those prepared in 
the absence of TRX-100.

Fig. 4   Total activity yield of CLEAs in the presence of BSA and palm fiber additives using (NH4)2SO4 as precipitation agent (1:9, volumetric 
ratio) and glutaraldehyde at 100 mM as cross-linking agent
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Using both TRX-100 and PEI as coating agents, the volu-
metric activity of the CLEA (1259.9 ± 6.7 U/mL) was 2.0-
fold higher than that prepared without any coating agent 
(BCL control, 617.5 ± 2.5 U/mL), but in this case, the total 
activity yield was 97.1 ± 0.5% (Table 2). The combined use 
of TRX-100 and PEI probably could activate the lipase (lid 
opening due to the surfactant) and form a supramolecular 
structure more porous and better crosslinked due to the poly-
mer containing a high density of ionized amino groups [37], 
which is capable to strongly interact with negatively charged 
functional groups on the protein surface [38], and in certain 
instances stabilizing the protein [13]. In fact, Yan et al. [39] 
also prepared firmly cross-linked enzyme aggregates with 
increased hydrolysis yields from 12 to 42% compared to free 
lipase by enzyme precipitation with acetone and crosslinking 
with glutaraldehyde in the presence of PEI.

The combination of coating agents (TRX-100 + PEI) 
and additives (BSA or palm fiber) was also evaluated in 
the preparation of BCL CLEAs (Table 2 and Fig. 5). This 
combination did not greatly increase the total activity yield: 
from 97.1% (for TRX-100 + PEI) to 113.6 and 121.1% to 
TRX-100 + PEI + BSA and TRX-100 + PEI + Palm fiber, 
respectively. But, the presence of additives, particularly 

palm fiber, can improve other properties of the CLEAs, such 
as the mechanical strength in stirred tanks and also their 
recovery from the reaction medium.

Analysis of the BCL secondary structure

Since the formation of CLEAs alters the three-dimensional 
structure of the protein, the second-derivative infrared spec-
tra (FTIR) in the region between 1700 and 1600 cm−1 was 
evaluated (Fig. 6). Through FTIR spectra, the secondary 
structures of the enzyme were observed by amide bands I 
(1700–1600 cm−1), which present higher sensitivity [40–42].

According to the spectra shown in Fig.  6a, the free 
enzyme exhibits β-sheet (1638 cm−1), α-helix (1660 cm−1), 
random coil (1645 cm−1) and β-turn (1670 cm−1). Control 
CLEAs showed an increase in the α-helix, and changes in the 
β-sheet, random coil, and β-turn contents (Fig. 6b). These 
helical structures, responsible for enzymatic activation, were 
affected by the precipitation and cross-linking steps without 
the presence of additives or coating agents, leading to the 
experimental decrease observed in the activity recovery for 
the control BCL-CLEA. For the CLEAs formed with the use 
of BSA additive (Fig. 6c), there was no significant reduction 
of α-helix. However, the β-sheet, random coil, and side chain 
are less evident compared to the free enzyme, concluding 
that such structures are bonded together, and thus reducing 
the absorbance and exposure of the structure. The CLEAs 
prepared with palm fiber (Fig. 6d) showed a reduction in the 
β-sheet, side chain and α-helix contents compared to the free 
enzyme, but the random coil remained more intense. Finally, 
CLEAs formed from TRX-100, PEI and palm fiber (Fig. 6e) 
showed the lowest intensity of the α-helix content.

Decreased α-helix content in the formation of the various 
CLEAs prepared in this work indicates greater lipase activa-
tion since the active site of BCL is formed by α-helix. Thus, 

Fig. 5   Recovered activity and 
total activity yields of the differ-
ent BCL-CLEAs studied in this 
work using (NH4)2SO4 as pre-
cipitation agent (1:9, mass ratio) 
and glutaraldehyde at 100 mM 
as cross-linking agent

Table 2   Enzymatic activity (U/mL) and total activity yields (in %) of 
different BCL-CLEAs studied in this work

Step EA (U/mL) Total activity yield (%)

Free enzyme 1148.0 ± 6.4 –
Control 617.5 ± 2.5 51.6 ± 0.3
TRX-100 1036.9 ± 2.5 57.4 ± 0.3
TRX-100 + PEI 1259.9 ± 6.7 97.1 ± 0.5
TRX-100 + PEI + BSA 1554.7 ± 6.7 113.6 ± 1.0
TRX-100 + PEI + Palm fiber 1578.1 ± 2.5 121.1 ± 0.1
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as the α-helix content is reduced, there is greater exposure 
of the active site, making the substrate access easier and 
favouring the increase of enzymatic activity. These results 
are in agreement with that described by Pan et al. [43] and 
Barbosa et al. [40] for the increase of BCL enzymatic activ-
ity in the presence of ionic liquids. Therefore, these data 
reinforce the better results for CLEAs prepared with Triton® 
X-100, PEI and palm fiber, which achieved a total activity 
yield of 121.1 ± 0.1% and EA of 1578.1 ± 2.5 U/mL.

Conclusion

This work showed the importance of systemically study 
the preparation of CLEAs, taking in account the influence 
of the precipitating agent, as well as cross-linking agent 

concentration, use of additives and coating agents in the 
preparation of cross-linked aggregates of BCL with high 
activity. The immobilization of BCL by CLEA technique 
was more efficient using ammonium sulfate (1:9, volumet-
ric ratio) as precipitation agent, glutaraldehyde as cross-
linker at 100 mM concentration, the presence of TRX-100 
and PEI as coating agents, and the use of palm fiber as an 
additive. Under these conditions, CLEAs of BCL were 
prepared with a total activity yield of approximately 120% 
(EA of 1578.1 ± 2.5 U/mL). The higher activity of this 
CLEA was explained by analysis of the lipase secondary 
structure, showing that the new protocol using palm fiber 
as additive and TRX-100 and PEI as coating agents may be 
a promising and more sustainable alternative to the forma-
tion of CLEAs.

Fig. 6   Secondary-derivative spectra of Burkholderia cepacia lipase 
(BCL) in the amide I region (1700–1600 cm−1) of the: a free lipase; 
b control CLEAs; c CLEAs with BSA additive; d CLEAs with palm 

fiber additive; and e CLEAs with palm fiber additive and TRX-
100 + PEI. β-sheet is shown in green, random coil in blue, α-helix in 
purple, and β-turn in orange colours
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