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Abstract This work aimed at the production of stabilized

derivatives of Thermomyces lanuginosus lipase (TLL) by

multipoint covalent immobilization of the enzyme on

chitosan-based matrices. The resulting biocatalysts were

tested for synthesis of biodiesel by ethanolysis of palm oil.

Different hydrogels were prepared: chitosan alone and in

polyelectrolyte complexes (PEC) with j-carrageenan, gel-

atin, alginate, and polyvinyl alcohol (PVA). The obtained

supports were chemically modified with 2,4,6-trinitroben-

zene sulfonic acid (TNBS) to increase support hydropho-

bicity, followed by activation with different agents such as

glycidol (GLY), epichlorohydrin (EPI), and glutaraldehyde

(GLU). The chitosan-alginate hydrogel, chemically modi-

fied with TNBS, provided derivatives with higher apparent

hydrolytic activity (HAapp) and thermal stability, being up

to 45-fold more stable than soluble lipase. The maximum

load of immobilized enzyme was 17.5 mg g-1 of gel for

GLU, 7.76 mg g-1 of gel for GLY, and 7.65 mg g-1 of gel

for EPI derivatives, the latter presenting the maximum

apparent hydrolytic activity (364.8 IU g-1 of gel). The

three derivatives catalyzed conversion of palm oil to bio-

diesel, but chitosan-alginate-TNBS activated via GLY and

EPI led to higher recovered activities of the enzyme. Thus,

this is a more attractive option for both hydrolysis and

transesterification of vegetable oils using immobilized

TLL, although industrial application of this biocatalyst still

demands further improvements in its half-life to make the

enzymatic process economically attractive.
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Introduction

Lipases (triacylglycerol acylhydrolases, E.C. 3.1.1.3) are

enzymes that catalyze hydrolysis of ester bonds of tri-

glycerides. In organic medium, lipases also catalyze the

reverse reaction, namely ester synthesis and transesterifi-

cation [7, 32]. They can also catalyze stereoselective and

regioselective reactions, being one of the most widely used

enzymes in industrial processes.

A peculiarity of the mechanism of action of lipases is

interfacial activation. Most lipases have an oligopeptide

chain ‘‘lid’’ that covers their active site and makes them

inaccessible to substrates. In the absence of a hydrophobic

interface, the active site is secluded from the reaction

medium and the enzyme is in the so-called ‘‘closed

This article is based on a presentation at the 32nd Symposium on

Biotechnology for Fuels and Chemicals

A. A. Mendes

Federal University of São João Del-Rei,

Sete Lagoas, MG 37501-970, Brazil

A. A. Mendes � D. de S. Rodrigues � W. S. Adriano �
P. W. Tardioli � R. de C. Giordano � R. de L. C. Giordano (&)

Department of Chemical Engineering,

Federal University of São Carlos, São Carlos,

SP 13565-905, Brazil

e-mail: raquel@ufscar.br

H. F. de Castro

Department of Chemical Engineering,

Engineering School of Lorena,

University of São Paulo, Lorena, SP 12602-810, Brazil

E. J. Mammarella

Institute of Technological Development for Chemical Industry,

National University of Litoral, Santa Fé, Argentina
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conformation.’’ However, in the presence of a hydrophobic

interface (e.g., a drop of oil or gas bubbles), important

conformational rearrangements take place, yielding the

‘‘open conformation’’ [24–26, 31, 39]. In addition, lipases

show high affinity for hydrophobic interfaces, including

supports chemically modified with hydrophobic agents [4].

Lipases can be produced by several microorganisms,

exhibiting different physical properties and specificities.

Lipolase� is a commercial lipase preparation from the

fungus Thermomyces lanuginosus, which is produced on

industrial scale using Aspergillus oryzae as a host organism

[12]. Its main application is in fabric laundry detergents to

improve fatty-soil removal. Lipolase� is classified as 1,3-

specific and has high affinity for long-chain fatty acids. Its

high thermal stability as well as availability and specificity

make this enzyme very convenient to catalyze transesteri-

fication of triglycerides, particularly in synthesis of bio-

diesel [34].

The feasibility of the use of enzymes in industrial pro-

cesses is mostly determined by the cost of the biocatalyst.

Hence, easy recovery of the enzyme and improvement of its

stability are crucial points. Immobilization of the protein on

insoluble supports, besides facilitating their recovery, may

also help to stabilize the enzyme structure, thus reducing

biocatalyst inactivation, either thermal or due to interactions

with solvents [17]. The selection of the most suitable method

of immobilization must be based on different performance

criteria, such as the maximum immobilized enzyme activity,

operational stability, immobilization costs, toxicity of

immobilization reactants, etc. [18]. Among the different

available immobilization procedures, multipoint covalent

immobilization seems to be one of the most promising to

improve enzyme stability [1, 8, 9, 17, 19, 20, 26–28, 36, 37].

Biodiesel is a commodity, and its synthesis is a large-

scale process. Therefore, the biocatalyst must be robust and

inexpensive. Besides that, the support must have numerous

reactive groups, available to be linked to the enzyme, and

good geometrical congruency with the protein, to allow

interaction between several reactive groups of the support

with the same enzyme molecule [8].

In this work, chitosan was selected as the immobiliza-

tion support. It has natural reactive amine groups, is bio-

compatible, is available in various forms (hydrogel,

membrane, fiber, and film), is nontoxic, and is readily

susceptible to chemical modification [3, 14]. The interest in

modifying chitosan using different activation agents, and

the use of polyelectrolyte complexes, have arisen recently

mostly for applications in the field of enzyme immobili-

zation [1, 19, 28]. Several biopolymers have been used to

prepare chitosan hybrid hydrogels, such as gelatin, colla-

gen, carrageenan, alginate, polyvinyl alcohol (PVA), and

carboxymethylcellulose (CMC) [3]. Formation of hybrid

hydrogels by mixing chitosan with other biopolymers may

increase gel density and mechanical resistance, thereby

extending the range of applications. The polyelectrolyte

complexes are formed by ionic interactions between the

positively charged amine groups of chitosan and negative

charges of other biopolymers, such as sulfonic and car-

boxylic groups. However, the resulting mechanical stabil-

ity of these hybrid gels is still not good, since they may

swell when submitted to changes in pH [3].

Covalent cross-linking of the hybrid chains may be used

to increase matrix density and mechanical strength. These

cross-linked hydrogels exhibit good mechanical properties

and do not dissolve even at extreme pH conditions. Dif-

ferent compounds have been used for covalent cross-link-

ing of chitosan hybrid hydrogels, such as glutaraldehyde [6,

22], glyoxal [16], and genipin [21]. On the other hand,

lipases have strong affinity for hydrophobic surfaces.

Chitosan gel, pure or mixed with other biopolymers, is a

very hydrophilic material, mainly because of the charged

amine groups, and their blockage may favor immobiliza-

tion of the enzyme. To the best of our knowledge, the

strategy of using 2,4,6-trinitrobenzene sulfonic acid

(TNBS) to modify the internal surface of chitosan beads

has not been reported in the literature yet.

In a previous work, polyelectrolyte complexes of

chitosan activated with different agents were used for

immobilization of chymotrypsin to produce tailor-made

protein hydrolysates with specific nutritional and pharma-

ceutical properties [1]. Different structures were obtained

using chitosan with another biopolymer such as alginate,

gelatin or j-carrageenan. Changing the gel structure led to

significant improvements in the multipoint covalent

immobilization of chymotrypsin, and the thermostability

was considerably improved with respect to pure chitosan

hydrogels [1].

Since hybrid hydrogels are highly hydrophilic, their use

as support for Thermomyces lanuginosus lipase (TLL)

demands chemical modification of the matrix, using

hydrophobic agents to improve the intragel microenviron-

ment, favoring multipoint covalent immobilization of TLL.

Therefore, this work seeks modified chitosan gels to

obtain highly active and thermostable lipase derivatives

through multipoint covalent immobilization of TLL on

polyelectrolyte complexes of chitosan. With this purpose,

chemical modifications of the matrices, and their activation

using different protocols, were investigated for biodiesel

synthesis by enzymatic ethanolysis of palm oil.

j-Carrageenan, gelatin, PVA, and sodium alginate were

tested as co-biopolymers. Chemical modification of the

hybrid hydrogels was done using TNBS, and distinct

activation protocols were used, with glycidol, epichloro-

hydrin or glutaraldehyde as cross-linker/activating agent.

Kinetic assays of ester hydrolysis and biodiesel synthesis

were run for the best immobilized derivatives.
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Materials and methods

Materials

Lipase from Thermomyces lanuginosus (TLL), named

Lipolase�, was kindly donated by Novozymes (Araucária,

Brazil), and had hydrolytic activity of 1,760 IU ml-1 and

9 mg protein ml-1 solution. Native chitosan (85% deacety-

lation degree) was purchased from Polymar S.A. (Ceará,

Brazil). Glycidol (GLY), epichlorohydrin (EPI), j-carra-

geenan, and 2,4,6-trinitrobenzene sulfonic acid (TNBS) were

purchased from Sigma–Aldrich Co. (St. Louis, MO, USA).

Glutaraldehyde (GLU), 25% (v.v-1) solution, and sodium

alginate were obtained from Vetec (São Paulo, Brazil).

Ethanol (minimum 99%) was supplied by Chromoline (SP,

Brazil). Olive oil (low acidity) from Carbonell (Spain) and

gelatin (Oetker, Brazil) were purchased in the local market.

Palm oil was a kind gift from Agropalma (Pará, Brazil),

having the following fatty-acid composition (% w/v): 0.1%

lauric, 1.2% myristic, 46.8% palmitic, 3.8% stearic, 37.6%

oleic, and 10.5% linoleic, with average molecular weight

849.0 g mol-1. All other reactants were of analytical grade.

Methods

Preparation of chitosan beads

Pure chitosan (4% wt.) and polyelectrolyte complexes (PEC)

[chitosan (4% wt.)-gelatin (3% wt.), chitosan (2.5% wt.)-

sodium alginate (2.5% wt.), chitosan (2.5% wt.)-PVA

(2.5% wt.), and chitosan (2.5% wt.)-j-carrageenan (2.5%

wt.)] were added to 5% (v.v-1) acetic acid solution and mixed

for 24 h at room temperature. The chitosan solution was then

injected into a 0.1 M NaOH solution (1:10) to form hydrogel

beads under slow stirring (50 rpm) for 24 h. The beads were

filtered and rinsed thoroughly, with distilled and Milli-Q

water, and then stored in refrigerator for further use.

Chemical modification with TNBS

Gel (10 g) was suspended in 37.5 ml 0.1 M bicarbonate

buffer, pH 10.05, and 0.25 ml TNBS solution. The

suspension was stirred in a shaker operated at 150 rpm and

25�C for 24 h. The beads were filtered and rinsed thor-

oughly with distilled and Milli-Q water. The following

reaction is expected to occur (Scheme 1).

Bead activation

Chitosan beads were activated with different agents:

glycidol, epichlorohydrin, and glutaraldehyde. For glyc-

idol, 10 g chitosan beads was added to a solution composed

of 3 ml distilled water and 5 ml 1.7 M NaOH solution

containing 0.15 g sodium borohydride (NaBH4). Following

this, a suitable amount of glycidol (3.6 ml) was slowly

added, and the mixture was kept in an ice bath for 15 h

[10]. For epichlorohydrin activation, 10 g gel was sus-

pended in 100 ml 2 M NaOH solution containing 0.6 g

NaBH4. Then, 10 ml epichlorohydrin was slowly added,

and the suspension was kept in an ice bath for 15 h [2].

Glyceryl supports (activated with glycidol and epichloro-

hydrin) were further suspended in 60 ml Milli-Q water and

30 ml 0.1 M sodium periodate to produce glyoxyl groups

[10]. The suspension was kept under slight stirring for 2 h

at room temperature. For activation with glutaraldehyde,

10 g chitosan beads was suspended in 16.8 ml 25% (v/v)

glutaraldehyde solution in 0.2 M buffer phosphate, pH 7.0

(11.2 ml) for 1 h at room temperature [28]. Following this,

the activated hybrid hydrogels were filtered and washed

thoroughly with distilled and Milli-Q water.

Immobilization procedure

The enzyme solution was added to 9 ml 0.1 M bicarbonate

buffer (pH 10.05) and mixed with 1 g support under slow

stirring for 12 and 24 h at room temperature. After this, the

derivative was filtered (Whatman filter paper 41) and

thoroughly rinsed with 0.2 M phosphate buffer, at pH 7.0,

and finally washed thoroughly with distilled and Milli-Q

water. Immobilization was followed by measuring the

hydrolytic activities and protein concentration in the

supernatant solution. The chemically modified chitosan-

alginate support was further tested by offering different

loadings of protein (5.0, 10.0, 30.0, and 50 mg g-1 of gel)

to determine the support saturation enzymatic load.

Scheme 1 Reaction of TNBS

with amine groups of chitosan
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Schiff’s bases reduction

After the enzyme immobilization step, 1.0 mg ml-1 sodium

borohydride was added to the immobilization suspension,

which was kept under agitation during 30 min at 25�C. After

this, the derivative was filtered (Whatman filter paper 41)

and thoroughly rinsed with 0.2 M phosphate buffer, pH 7.0,

and finally washed thoroughly with Milli-Q water.

Thermal stability

Soluble and immobilized lipase were incubated in the

presence of 1 ml phosphate buffer, pH 8.0 (0.1 M) at 70�C

for different time intervals. The half-life times (t1/2) were

determined after fitting an exponential nonlinear decay

model [30].

Determination of hydrolytic activity

Hydrolytic activities of soluble and immobilized lipase

were assayed using olive oil emulsion as substrate,

according to the methodology described by Soares et al.

[33], with slight modifications. The substrate was prepared

by mixing 50 g olive oil with 150 g Arabic gum solution

(3% wt.). The reaction mixture containing 5 ml emulsion,

5 ml 0.1 M phosphate buffer (pH 8.0), and immobilized

(0.1 g) or soluble (0.2 ml, 0.5 mg ml-1) lipase was incu-

bated for 5 min at 37�C. The reaction was stopped by

addition of 10 ml commercial ethanol. The fatty acids

formed were titrated with 0.02 M sodium hydroxide solu-

tion in the presence of phenolphthalein as indicator. One

international unit of activity was defined as the amount of

enzyme that liberates 1 lmol free fatty acid per minute

(1 IU) under the assay conditions.

Determination of protein

Protein was determined according to the methodology

described by Bradford [5] using bovine serum albumin

(BSA) as standard. All solutions were prepared using

Milli-Q water.

Immobilization parameters

Immobilized protein (IP) was calculated after determining

the amount of protein and enzyme units that disappeared in

the supernatant, and comparing with the initial protein and

enzyme concentration that were offered (U g-1 of gel).

Recovered activity (RA) was calculated after determining

the activity of the immobilized enzyme (apparent hydro-

lytic activity) and comparing with the number of enzyme

units that disappeared from the supernatant (theoretically

immobilized). Stabilization factor (SF) is the ratio between

the half-life of the immobilized derivate and the half-life of

the soluble enzyme.

Swelling degree in chitosan chemically modified

with TNBS

The swelling degree (SD) of chitosan-alginate hydrogel

chemically modified with TNBS was determined by

keeping 100 mg hydrogel in 20 ml phosphate buffer at pH

7.0 (0.1 M), and weighing the gels during 24 h. SD was the

relative gain of weight of the matrix at 24 h with respect to

its initial weight [11]. Assays were carried out in triplicate.

The control was chitosan-alginate without chemical mod-

ification. SD was calculated using equation 1.

SD ¼ Wt � W0

W0

� �
� 100 ð1Þ

where Wt and W0 are the weights of hydrogels at 24 h and

at zero time of swelling, respectively.

Surface hydrophobicity of the hydrogels

The hydrophobicity of the chemically modified hybrid

hydrogels was determined by measuring the adsorption of the

hydrophobic Rose Bengal dye: hydrogel microspheres

(0.15 g) were added to different flasks containing 10 ml Rose

Bengal solution (20 lg ml-1) at pH 7.0, for 1 h. The amount

of adsorbed dye was determined by recording the absorbance

(at k = 549 nm), in triplicate, according to the methodology

described by Gupta and Jabrail [11]. An assay control was

carried out with chitosan-alginate hydrogel without chemical

modification. The adsorption quotient was given by the

amount of Rose Bengal dye adsorbed per gram of solid.

Determination with TNBS of the degree of linkage

of amine groups in the chitosan-alginate PEC treated

with different activation agents

The ratio between linked and free amino groups in the

chitosan chains of the supports, chitosan-alginate chemi-

cally modified with TNBS and activated with glycidol,

epichlorohydrin, and glutaraldehyde, was determined

according to the methodology described by Kathuria et al.

[13]. In brief, 5 mg dried chitosan-alginate-TNBS and

activated chitosan-alginate-TNBS were treated with a

reaction mixture of 1 ml 4% (w/v) NaHCO3, pH 9, and

1 ml 0.5% (v/v) TNBS during 2 h at 40�C. TNBS reacts

with free amine groups. Following that, 3 ml 6 M HCl

solution was added, and the temperature was raised to 60�C

for 90 min. Absorbance of the resulting solution was

measured at 345 nm after dilution. The control was non-

chemically modified chitosan-alginate, prepared with the

same procedure except that 6 M HCl was added before
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addition of TNBS. The degree of linkage was calculated

using equation 2.

DLð%Þ ¼ 1� Abssample=msample

Abscontrol =mcontrol

� �� �
� 100; ð2Þ

where DL is the degree of linkage (%), Abssample is the

absorbance of the chitosan-alginate-TNBS samples acti-

vated with different agents (GLY, EPI, and GLU), Abscontrol

is the absorbance of the control (chitosan-alginate), and

msample and mcontrol are the sample amounts (mg).

Biodiesel synthesis

The reactions were performed in closed 25-ml flasks con-

taining 20 g substrate consisting of palm oil and anhydrous

ethanol, without addition of solvents, at fixed molar ratio of

oil to alcohol (1:18) [23]. The mixtures were incubated

with immobilized lipase at proportions of 2 mg immobi-

lized protein per gram of palm oil. The experiments were

carried out at 45�C. Reactions were performed for a

maximum period of 48 h under constant magnetic agitation

at 180 rpm. For batch reactions, an aliquot of reaction

medium was taken at different times and diluted in

n-hexane for gas-chromatography (GC) analysis.

GC analysis

Fatty-acid ethyl esters (FAEE) were analyzed by injecting

1 ll hexane solution and internal standard hexanol into a

FID gas chromatograph (Varian CP 3800), using a 6-ft 5%

DEGS on Chromosorb WHP, 80/10 mesh column (Hewlett

Packard, Palo Alto, CA, USA), following previous estab-

lished conditions [38]. The yield was defined as the con-

centration ratio of transformed oil to initial oil 9 100.

Viscosity determination

The absolute viscosity of biodiesel was determined with a

LVDV-II cone-and-plate spindle Brookfield viscometer

(Brookfield Viscometers Ltd., UK) using a CP 42 cone. A

circulating water bath was used to maintain the temperature

at 40�C during the assays. Biodiesel samples of 0.5 ml were

used, and the measurements were replicated three times.

Results and discussion

Effects of polyelectrolyte complex type, chemical

modification with TNBS, and activation agent

on immobilization performance

Polyelectrolyte complexes (PEC) were used as matrices

for immobilizing Lipolase� by different protocols.

Immobilization performance was assessed through three

parameters: immobilized protein, recovered activity, and

thermal stability of the biocatalyst. Chitosan hydrogel

without hybridization was used as a control for comparisons.

The concentrations of chitosan and other biopolymers were

previously established in our laboratory [1].

The effect of using TNBS to increase support hydro-

phobicity was also evaluated. This compound blocks the

chitosan NH2 groups, increasing the hydrophobicity of the

support and, consequently, reducing its degree of swelling.

This action of TNBS is expected to improve the affinity of

TLL with respect to the immobilization support, thus

facilitating interaction between the enzyme and accessible

active groups of the matrix and, consequently, increasing

the number of covalent immobilization points and

enhancing enzyme stability. On the other hand, TNBS will

react with amine groups of the support and thus will reduce

the number of reactive sites for glutaraldehyde, which

negatively impacts on multipoint covalent immobilization

and stabilization of the protein for this activation agent.

Nevertheless, glutaraldehyde is reported to react also with

hydroxyl groups of the support, although it is more reactive

with amine groups. This fact was observed when sodium

alginate was cross-linked with glutaraldehyde, for encap-

sulating a natural liquid pesticide [15].

Addition of alginate to chitosan improved the structure

of the hybrid gel with respect to pure chitosan beads.

Although similar loads of immobilized protein were

attained, the apparent hydrolytic activity (HAapp) for

chitosan-alginate was twofold higher than pure chitosan.

Chitosan-PVA showed a less pronounced improvement in

activity, and the other two hybrid hydrogels did not present

a consistent tendency for increased activity with respect to

pure chitosan.

Another aspect that can be pointed out from the results

in Table 1 is that the action of TNBS generally resulted in

higher half-lives and, consequently, higher SF. Chitosan-

alginate-TNBS presented the greatest improvement in t1/2

(460% for GLY, 270% for EPI, and 370% for GLU).

Chitosan-alginate without chemical modification was 4–5-

fold less stable than the hybrid hydrogels modified by

TNBS. The second hybrid matrix with higher thermal

stability was chitosan-PVA activated with glycidol and

epichlorohydrin, which were 30.1- and 31.4-fold more

stable than soluble lipase, respectively. With respect to

thermal stability, the influence of the biopolymer was

found to be in the following order: alginate [ PVA [
gelatin [ pure chitosan [ j-carrageenan. Pure chitosan

and chitosan-j-carrageenan linked by TNBS showed sim-

ilar thermal stability at 70�C.

Chemical modification of pure chitosan with TNBS did

not improve the immobilization parameters for any of the

activation agents. Probably, even if TNBS might have
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improved the microenvironment for lipase immobilization,

the poor geometric congruency between pure chitosan and

the enzyme did not allow the formation of new bonds

between lipase and the active groups in the support.

However, when using polyelectrolyte complexes to form

hybrid matrices, the presence of TNBS did lead to an

increase in the stability factor and hydrolytic activity.

Among the tested activating agents, glutaraldehyde

(GLU) gave the highest percentage of immobilized protein,

due to its higher reactivity at basic pH [1, 28]. However,

the formation of a greater number of links between the

support and active groups of the enzyme may cause dis-

tortions in its tertiary structure. This behavior may be the

cause of the lower RA observed for all cases where GLU

was used, as shown in Table 1. Besides, it has been

reported that glutaraldehyde can also react with other

groups of the enzyme [19]. In consequence, higher amounts

of protein could be immobilized on supports activated with

Table 1 Influence of addition of co-biopolymers to the chitosan matrix and of chemical modification with TNBS on immobilization of TLL

(Lipolase�) on chitosan hybrid hydrogels

Support TNBS Activation

agent

HAapp
a

(IU ggel
-1)

IPb

(mg ggel
-1)

HAapp/IP

(IU/mg)

RAc (%) t1/2
d (h) SFe

Chitosan Absence GLY 109.1 1.42 77 40.0 1.34 15.2

EPI 97.6 1.20 81 42.5 1.10 12.5

GLU 95.3 2.99 32 13.1 0.59 7.10

Presence GLY 108.9 0.87 125 65.5 1.22 13.9

EPI 97.6 0.98 100 47.1 1.56 17.7

GLU 90.8 1.98 46 16.0 0.77 8.75

Chitosan-gelatin Absence GLY 99.9 1.08 93 48.5 1.00 12.5

EPI 99.9 1.31 76 40.0 0.90 11.2

GLU 95.3 3.05 31 16.3 0.72 8.62

Presence GLY 118.1 1.18 100 52.4 2.07 23.5

EPI 121.6 1.16 105 74.2 2.19 27.3

GLU 113.6 3.20 36 16.4 0.92 11.0

Chitosan-j-carrageenan Absence GLY 74.0 0.95 78 25.1 0.66 7.45

EPI 50.0 1.08 46 16.1 0.46 5.24

GLU 36.3 1.98 18 5.80 0.20 2.31

Presence GLY 104.4 1.06 98 38.7 0.83 9.44

EPI 140.7 1.22 115 50.2 1.45 16.5

GLU 95.7 1.87 51 14.3 0.93 10.6

Chitosan-PVA Absence GLY 131.5 1.44 91 44.6 1.24 14.3

EPI 115.1 1.55 74 38.9 1.27 14.6

GLU 104.1 2.88 36 15.3 1.07 12.3

Presence GLY 160.5 1.36 118 51.3 2.61 30.1

EPI 178.7 1.39 129 54.9 2.72 31.4

GLU 148.9 2.72 54 23.1 1.92 22.1

Chitosan-alginate Absence GLY 163.5 1.82 90 51.4 0.70 7.89

EPI 201.7 1.70 119 58.9 1.07 12.3

GLU 194.9 2.97 66 28.3 0.82 9.29

Presence GLY 234.6 1.24 189 67.8 3.93 45.3

EPI 217.0 1.11 195 61.7 3.99 45.2

GLU 213.7 3.54 60 31.7 3.89 44.2

Offered loading: 5 mg protein g-1 of gel (956 IU g-1 of gel)
a Apparent hydrolytic activity
b Immobilized protein
c Recovered activity
d Half-life
e Stabilization factor

1060 J Ind Microbiol Biotechnol (2011) 38:1055–1066

123



GLU (see IP values in Table 1), but the immobilized

enzyme activity and the enzyme recovery were higher for

derivatives obtained using glyoxyl groups (GLY and EPI).

Among the four tested biopolymers, the best immobili-

zation parameters were obtained using alginate, with the

hybrid matrix modified with TNBS. After offering 5 mg

enzyme per gram of gel, the three activation agents led to

similar immobilized enzyme activities, the one obtained

with GLY (234 IU g-1 of gel) being the highest. Similar

stability factors, around 45, were obtained with the three

activation agents.

It should be noticed that GLU always demanded a

higher amount of enzyme offered for immobilization (IP

for GLU was 2–3 times higher than for GLY and EPI for

all the matrices studied, see Table 1).

A general trend observed in these data is that TNBS

always improved the recovered activity (RA), and the ratio

HAapp/IP was always higher for the more hydrophobic

matrix. This means that, in this case, the percentage of

immobilized lipase molecules that were catalytically active

was larger, an indication that the lipase may have been

linked preferably in the open-lid conformation, thus pro-

viding an overall more active biocatalyst. Additionally,

access of olive oil to the enzyme active site may have

been facilitated by the higher hydrophobicity of the

microenvironment.

Chitosan-alginate, chemically modified with TNBS, was

the support that showed best performance, for all the

activation agents. With GLY and EPI, its HAapp/IP ratio

was significantly higher than for the other supports. For

GLU, the effect of hydrophobization was less pronounced,

and for chitosan-alginate this ratio even decreased after

chemical modification with TNBS. This may be due to

distortion of the enzyme structure, or to reduction of pore

diameters after cross-linking of the matrix, both caused by

the high reactivity of this activation agent.

Chitosan-j-carrageenan without TNBS was the poly-

electrolyte complex with lowest hydrolytic activity, for all

activation agents. This hydrogel, with its sulfonic groups, is

the most hydrophilic hybrid support among the tested ones,

which is corroborated by its high swelling behavior. Sim-

ilar results were found by Tapia et al. [35], who reported

that chitosan–alginate is also better than chitosan–carra-

geenan for use as a drug-release matrix system. In addition,

the chitosan–alginate system showed higher mean disso-

lution time than the chitosan–carrageenan system, con-

firming the different internal structure of the compared

gels.

Figure 1 shows the immobilization course of the

enzyme on chitosan-alginate-TNBS activated with glyc-

idol, epichlorohydrin, and glutaraldehyde. As expected,

immobilization on the GLU-activated support was more

rapid than on glyoxyl supports. At 12 h, 70% of the

enzyme activity, corresponding to approximately 3.5 mg

protein per gram of gel, was immobilized for GLU, while

glyoxyl supports (GLY and EPI) had only 30% of the

enzyme immobilized. Unsurprisingly, enzyme immobili-

zation on glyoxyl-chitosan-alginate-TNBS was quite a

slow process. According to Palomo et al. [26], this

behavior may be credited to the low amount of Lys groups

in the TLL structure (only seven lysine residues). Chitosan-

alginate-TNBS-GLU was faster due to its high reactivity at

alkaline pH.

Figure 2 shows the stabilization effect for TLL-chit-

osan-alginate-TNBS derivatives. The half-lives (t1/2) for

the three derivatives were very close, from 3.89 to 3.99 h,

with SF in the range 44.2–45.3.

The hydrophobicity of the matrices was evaluated by

adsorption of the hydrophobic dye Rose Bengal. This

methodology was used to estimate the increase of the

hydrophobicity of the hydrogel chitosan-alginate chemi-

cally modified by TNBS. Chitosan-alginate without

chemical modification was the control. The results are

shown in Fig. 3, and they indicate that after 15 min

chitosan-alginate-TNBS had adsorbed 3 times more Rose

Bengal dye than the non-chemically modified hydrogel.

After 60 min, the non-chemically modified hydrogel had

adsorbed 771.0 ± 9.8 and the chemically modified one

973.3 ± 21 lg g-1 of gel.

Chitosan is hydrophilic due to the presence of the

amino groups, but after chemical modification and

Fig. 1 Immobilization of TLL on chitosan-alginate-TNBS. Activity

of the supernatant for the gel activated with glutaraldehyde (filled
circles), glycidol (filled squares), and epichlorohydrin (open squares);

the free enzyme control (open circles) shows that the soluble enzyme

does not inactivate during the immobilization procedure
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cross-linking, an increase in its hydrophobicity, and

therefore a reduction in its degree of swelling, is expected

[11]. In view of this, the degree of swelling of non-

modified and modified chitosan-alginate was also

evaluated, after incubation in water for 24 h at pH 7.0.

The swelling degree of the nonmodified chitosan-alginate

was 161.9 ± 14.4%, almost twice the value of TNBS-

modified matrix, 68.8 ± 5.0%. At pH 3.0, total dissolu-

tion of the nonmodified chitosan-alginate hydrogel was

verified while the modified matrix kept its integrity (data

not shown).

The degree of linkage of amine groups in chitosan-

alginate chemically modified and activated with GLY, EPI

or GLU was determined by TNBS assays, as previously

described. The results are shown in Fig. 4. The control,

chitosan-alginate after chemical modification with TNBS

but without activation, had 54% of its amine groups linked

to TNBS after the hydrophobization procedure. GLY does

not react with amine groups, within the accuracy of the

experiments (Fig. 4). EPI has a significant interaction with

these groups, since the ratio of free amine groups was

reduced in 25% after activation with this agent

(DL = 78%). As expected, the degree of linkage for GLU

was very high (DL = 91%), considerably exceeding the

DL of the control. During the activation with GLU, the

amine groups of chitosan are activated to form Schiff

bases, followed by covalent immobilization of the enzyme.

GLY and EPI react preferentially with hydroxyl groups of

the support. Consequently, the microenvironment of the

support is more hydrophobic with GLU activation, since

the number of amine groups available in the polymeric

structure will be reduced [11].

Fig. 2 Thermal stability of TLL soluble (open circles) and immo-

bilized on hybrid hydrogel chitosan-alginate-TNBS activated with

glutaraldehyde (closed circles), glycidol (closed squares), and

epichlorohydrin (open squares). Inactivation tests were carried out

at 70�C in 100 mM sodium phosphate buffer pH 8.0

Fig. 3 Adsorption of Rose Bengal dye by chitosan-alginate without

(closed squares) and with (open squares) chemical modification by

TNBS. Error bars are standard deviations of triplicates

Fig. 4 Determination of the degree of linkage of amine groups in

chitosan-alginate-TNBS (control) and chitosan-alginate-TNBS acti-

vated with glycidol (CA-TNBS-GLY), epichlorohydrin (CA-TNBS-

EPI), and glutaraldehyde (CA-TNBS-GLU). The bars are standard

deviations of triplicates
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The results obtained for dye adsorption, degree of

swelling, and degree of linkage of amine groups of the

chitosan-alginate hydrogel modified with TNBS confirmed

the formation of a hydrophobic microenvironment, which

may favor both the enzyme–support interaction during the

immobilization procedure and the catalytic action of the

enzyme on its substrate (vegetable oils).

A control assay also was carried out with chitosan-algi-

nate-TNBS without activation. This hybrid matrix was

submitted to oxidation with sodium periodate. The periodate

ion (IO4
- ) attacks vicinal diols to cleave the carbon–carbon

bond in complex carbohydrates such as chitosan and algi-

nate, through an oxidation reaction, leading to the formation

of a dialdehyde [40]. Cross-linking of amine and hydroxyl

groups in chitosan and alginate reduces periodate oxidation

and, consequently, the solubilization of biopolymers [40].

Nonactivated chitosan-alginate-TNBS was oxidized with

sodium periodate (300 lmol g-1 of gel), and almost all

support was solubilized in the immobilization conditions

(pH 10.05). However, in activated chitosan-alginate-TNBS,

solubilization of the support at pH 10.05 was not verified.

Activation of chitosan-alginate-TNBS with these agents

also cross-linked hydroxyl and amine groups of the support

by intra- and intermolecular interactions of the biopolymers.

According to these results, activation with bifunctional

agents was able to sustain support integrity at alkaline

pH, with improvement in chemical and mechanical sta-

bility and physical durability, important characteristics to

make enzyme immobilization on chitosan-alginate-TNBS

hydrogel feasible.

Influence of immobilization time and reduction

with sodium borohydride

Increase of immobilization reaction time allows the for-

mation of more bonds between enzyme and support. This is

actually a trade-off between enzyme activity, which may

decrease due to distortion of the macromolecule, and sta-

bility, since an increase of thermal stability is expected as

the tertiary structure becomes more rigid [1, 20, 28]. The

results in Table 2 were obtained running the enzyme

immobilization for 12 and 24 h, using chitosan-alginate

chemically modified with TNBS as support.

Although similar amounts of immobilized protein were

obtained at 12 and 24 h, the immobilized apparent activi-

ties after 24 h were in the range from 24% (with GLU) to

40% (with GLY and EPI), lower than those obtained after

12 h. The increase in the immobilization time, however,

did not improve the stability factors.

Multipoint covalent immobilization between enzyme

and support occurs in two steps. First, single bonds are

quickly formed. Since the support and the protein are not

complementary structures, after the first linkages the

enzyme loses flexibility and the formation of new bonds

may require longer immobilization times, to allow correct

alignment between the reactive groups of the enzyme and

the support [8, 20, 27]. This effect can also distort the

enzyme structure and reduce the hydrolytic activity of the

biocatalyst, but an increase in thermal stability may occur

[1]. However, our results indicated that, in the present case,

an increase of the immobilization time did not enhance the

Table 2 Influence of immobilization time and reduction with sodium borohydride on immobilization parameters of TLL (Lipolase�) immo-

bilized on chitosan-alginate-TNBS activated by different agents

Immobilization

time

Activating

agent

Reduction

with NaBH4

HAapp

(IU g-1 gel)

IP

(mg g-1 gel)

RA (%) t1/2 (h) SF

12 h GLY No 234.6 1.81 67.8 3.93 45.3

EPI No 217.0 1.84 61.7 3.99 45.2

GLU No 213.7 3.54 32.6 3.89 44.2

GLY Reduced 207.9 1.91 56.9 3.22 37.1

EPI Reduced 178.6 1.87 49.9 3.33 38.4

GLU Reduced 164.9 3.61 23.9 3.01 34.7

24 h GLY No 147.9 1.74 47.7 3.90 43.3

EPI No 126.0 1.73 44.5 4.09 48.7

GLU No 164.4 3.69 29.2 3.80 42.2

GLY Reduced 121.9 1.81 35.2 3.37 38.9

EPI Reduced 111.4 1.84 31.7 3.42 39.4

GLU Reduced 137.9 3.78 19.1 2.78 32.1

Offered loading: 5 mg protein g-1of gel (956 IU g-1gel)
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thermal stability of the derivatives. Therefore, an immo-

bilization time of 12 h was selected.

The influence of Schiff’s bases reduction with NaBH4

on the hydrolytic activity and thermal stability of the

derivatives may also be assessed from the results in

Table 2. Schiff’s bases (C=N double bond) are formed

between the aldehyde group of the support and amine

groups of the enzyme [1, 28]. The reduction of Schiff’s

bases to transform them into stable covalent bonds, as well

as to transform the reactive aldehyde groups into inert

hydroxyl groups, is an important step in the immobilization

process [1, 28]. The observed activities of the derivatives

were 11–23% lower after the reduction step, for all the

activation agents and immobilization times, with the losses

being more significant for activation with GLU. According

to the literature, loss of derivative activity after reduction

with NaBH4 has been related to a possible reduction of

disulfide bonds of the enzyme [28].

Maximum protein loading

To determine the maximum protein loading that could be

used in immobilization of TLL on the chitosan-alginate-

TNBS support activated using different protocols, the

amount of protein offered to the support was varied from 5

to 50 mg g-1 of gel. Results are presented in Table 3.

For the maximum offered protein loading (50 mg g-1 of

gel), hydrogel activated by GLU gave the highest value of

immobilized protein (17.5 mg immobilized protein per

gram of gel). With GLY and EPI, 7.76 and 7.65 mg protein

were immobilized per gram of gel, respectively. However,

the highest apparent activity was obtained with EPI

(364.8 IU g-1 of gel). Again, the high reactivity of glu-

taraldehyde may be responsible for this result. It is possible

that, under these conditions, there is formation of bonds

between the enzyme and support that cause distortion in the

three-dimensional structure of the enzyme, leading to an

inactive conformation of many enzyme molecules, or to

poor orientation of the immobilized protein, preventing

substrate access to the catalytic site. Besides, diffusion

effects may be responsible for part of the nonmeasured

activity of the immobilized enzyme.

The recovered activity decreased with the increase of

the protein loading for all derivatives, being more severe

for GLU, as expected. The value of this parameter

decreased from nearly 30% for the lower lipase offered

loading (5 mg g-1 of gel) to less than 10% for the maxi-

mum loading (50 mg g-1 of gel). The intrinsic velocity,

which would be measured in the absence of mass transfer

effects, is proportional to the enzyme loading. However,

when this loading increases, the rate-controlling step will

shift from the intrinsic reaction to pore diffusion, and an

intraparticle profile of substrate concentrations would

cause a reduction of the effectiveness factor of the bio-

catalyst bead. Besides that, the effective diffusion coeffi-

cient within the gel may decrease even further in the

presence of a high amount of immobilized molecules of

enzyme, due to a reduction of the porous effective diameter

caused by spatial hindrance [28].

Biodiesel synthesis

In the biodiesel synthesis assays, the molar ratios were 1:18

(palm oil:ethanol), and 2 mg immobilized protein per gram

of oil was used, in solvent-free medium. This means an

enzyme loading, in terms of apparent hydrolytic activity, of

378.4, 391.0, and 120.7 IU per gram of oil for GLY, EPI,

and GLU derivatives, respectively. Figure 5 shows the

progress of the enzymatic reaction for each system. The

maximum conversion (100%) was obtained at 48 h for

GLY and EPI derivatives, time when the GLU derivative

had converted only 85.5% of the substrate. The final vis-

cosity of the biodiesel produced by derivatives activated

via glyoxyl (GLY and EPI) was less than 5 cSt, in accor-

dance with specifications of the Brazilian Petroleum

Agency (ANP) for biofuel. Therefore, transesterification

mediated by GLY and EPI derivatives provided a biodiesel

complying with ANP specifications after 20 h of reaction,

while the GLU derivative required more than 48 h to reach

the same conversion.

Table 3 Immobilization parameters obtained for different TLL (Lipolase�) loadings offered to chitosan-alginate-TNBS

Protein loading

(mg g-1)

GLY EPI GLU

HAapp

(IU g-1 gel)

IP

(mg g-1 gel)

RA

(%)

HAapp

(IU g-1 gel)

IP

(mg g-1 gel)

RA

(%)

HAapp

(IU g-1 gel)

IP

(mg g-1 gel)

RA

(%)

5 234.6 1.81 67.8 217.0 1.84 61.7 213.7 3.55 31.0

10 243.2 3.79 33.5 220.8 3.80 30.4 243.2 6.40 20.7

30 307.0 6.08 26.4 310.4 6.34 25.6 288.0 15.4 10.1

50 352.2 7.76 18.5 364.8 7.65 19.1 297.6 17.5 9.17
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The amount of immobilized protein was used as a basis

for comparison of the performance of the derivatives in

place of their apparent hydrolytic activity. This approach

was taken because the three derivatives could well present

different behaviors for palm oil transesterification and for

olive oil hydrolysis. Still, the conversion profiles for bio-

diesel synthesis (Fig. 5) indicated that the recovered

activity for each of the three derivatives was similar when

assessed using palm oil transesterification or olive oil

hydrolysis as the standard reaction for definition of bio-

catalyst activity. In other words, GLY and EPI derivatives

showed recovered synthetic activities around threefold

higher than GLU derivatives, the same proportion that was

already observed for olive oil hydrolysis. Therefore, the

enzyme loading in the reactor for the GLU derivative was

approximately threefold lower than for the two other

derivatives, and unsurprisingly a longer reaction time was

required.

It should be stressed that TLL covalently immobilized

on glyoxyl supports was already reported to present high

stability in transesterification of soybean oil with ethanol,

exhibiting similar activity after three sequential batches

[29]. These results indicate that covalently immobilization

of TLL is a promising approach for biodiesel synthesis by

transesterification of vegetable oils with ethanol.

Higher recovered activity of the derivative implies lower

demand for enzyme to produce the industrial biocatalyst,

naturally leading to lower process costs. From this point of

view, although the three derivatives were able to convert

palm oil to biodiesel and presented similar apparent

activities and thermal stabilization, TLL immobilized on

chitosan-alginate-TNBS activated by glyoxyl (GLY and

EPI) is a more attractive option for both hydrolysis and

transesterification of vegetable oils.

Conclusions

Different biopolymers such as gelatin, j-carrageenan, PVA,

and sodium alginate were used to produce polyelectrolyte

complexes (PEC) as supports for immobilization of a

microbial lipase. Chitosan-alginate was the PEC that led to

the highest thermal stability and apparent hydrolytic activ-

ity. Chemical modification of the hybrid hydrogels with

TNBS increased the hydrophobicity of the enzyme micro-

environment, which was confirmed by measuring hydro-

phobic dye adsorption, swelling degree, and degree of

linkage of amine groups. The chemical modification led also

to an increase in the thermal stability of all the produced

hybrid hydrogels. Chitosan-alginate-TNBS derivatives

presented higher hydrolytic activity and thermal stability,

being 45-fold more stable than soluble lipase at 70�C. The

maximum protein loading immobilized was 17.5 mg g-1 of

gel for glutaraldehyde, 7.76 mg g-1 of gel for glycidol, and

7.65 mg g-1 of gel for epichlorohydrin derivatives, when

50 mg protein per gram of gel was offered for immobiliza-

tion. The three derivatives presented similar apparent

activities, both for hydrolysis of olive oil and for synthesis of

biodiesel, but glycidol and epichlorohydrin showed higher

recovered activities, being therefore more attractive for use

either in aqueous or in organic media. Further studies are

demanded, however, to increase the biocatalyst operational

stability and to reduce the cost of immobilization, thus

allowing application in a real industrial process.
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