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 Background: An inexpensive carrier of mica clay finds the potential use as an enzyme 

matrix for the lipase immobilization. Despite its low cost, industrial applications of 
lipase require efficient methods to immobilize the enzyme, to yield a biocatalyst with 

high-lipase productivity and stability rather than a free lipase. Objectives: This paper 

suggests an immobilization of lipase from Candida rugosa (CRL) onto a mica-based 
carrier through different glutaraldehyde activation approaches of immobilization and 

evaluation of their use in biocatalytic system. Results: Immobilized lipase preparations 

of enzyme-aggregate-coating (EAC-CRL) and nanoscale-enzyme-reactor (NER-CRL) 
had demonstrated of high-protein loadings of 8.46 and 8.65 mg/g carrier and specific 

esterification activities of 91.0 and 91.34 U/mg, respectively. Furthermore, both 
immobilized lipases were successfully performed in the synthesis of fatty acid sugar 

ester (FASEs) with optimized reaction parameters studied (time course, fatty acid chain 

length and organic solvent) in comparison to free lipase. Conclusion: Efficiency of the 
immobilization process has enhanced the biocatalyst potential in numerous 

biotechnological applications.   
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INTRODUCTION 

 

 Fatty acid sugar esters (FASEs), a group of bio-

surfactants, are produced by the esterification of 

sugars with fatty acids. They are odourless, non-toxic 

and non-irritant to the skin, making them suitable not 

only as emulsifiers for foods, but also in 

pharmaceuticals and cosmetics (Park, H.G., 2003), as 

well as for biomedical applications (Tsukamoto, J., 

2008). Moreover, due to their high biodegradability 

and varied range of hydrophilic-lipophilic balance 

(HLB) values, the study and production of sugar 

esters have attracted keen attention from many 

researchers. Synthesis of sugar esters derived from 

glucose (Bornscheuer, U.T., 2005) fructose (Sabeder, 

S., 2005), maltose (Ferrer, M., 2005), and trehalose 

(Raku, T., 2003) have been frequently reported, but 

reports involving lactose are still rare. Various 

surfactants have been prepared from sucrose 

(Habulin, M., 2008; Yoo, I.S., 2007)
 
and it was 

assumed that lactose derivatives would possess 

similar activities. A study of a lactose-derived 

surfactant was reported by Scholnick et al. using 

potassium carbonate as a catalyst in N-methyl-2-

pyrrolidine (Scholnick, F., 1974). 

 Over the years, enzymatic processes offer an 

alternative for the synthesis of bio-surfactants 

through the employment of biocatalysts, which allow 

for a mild reaction condition and high selectivity. 

Thus, pure products can be produced via 

environmentally friendly processes instead of the 

current methodologies. Among the various enzymes, 

lipase (triacylglycerol ester hydrolase, EC 3.1.1.3) 

from Candida rugosa (CRL) has attracted much 

interest as a versatile biocatalyst because of its 

notable properties such as enantio-, regio- and 

substrate specificity (Hari Krishna, S., 2001) as well 

as low-energy requirements (Hari Krishna, S., 2000). 

 However, an insignificant level of using 

biocatalyst in the industrial applications due to the 

high cost of the enzymes and the inconvenience of 

separating, recycling and reusing. Thus, many studies 

have been done to improve their protein loading, 

immobilization efficiency, stability and reusability 

by immobilization onto supports (Abdul Rahman, 

M.B., 2004; Zaidan, U.H., 2010). Though, cross-
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linking of the lipases and covalent attachments via 

amino-functionalized support are still the most 

favorable approaches of immobilization. In our 

previous work, preparations of immobilized lipases 

and their performances as affected by reaction 

temperature, substrates ratio, type of saccharides, 

operational stability and product identification 

(Zaidan, U.H., 2012), as well as their respective 

kinetic behavior of free and immobilized lipase 

(Zaidan, U.H., 2011) were well previously discussed 

and studied. As the high cost of popular supports 

causes many to search for cheaper substitutes, mica 

appears to be the most attractive since it is naturally 

available and possible to be used as a low-cost carrier 

(Zaidan, U.H., 2010; Saal, K., 2002; Bhambi, M. and 

C.S. Pundir, 2007).  

 However, the biocatalytic properties of mica-

based immobilized lipases have not been reported 

pertaining to some other important reaction 

parameters. In the present work, we report the 

biocatalytic performances of different approaches of 

immobilized lipases with regard to the effect of time 

course, fatty acid chain length and different organic 

solvents in order to complete optimization parameter 

studies of FASE syntheses.  

 

Methodology: 

 Preparation of the enzyme-aggregate-coating 

(EAC-CRL) was done as follows: A 15.0 mL of 

lipase solution was added to 2.0 g of amino-grafted 

mica by continuous agitation for 1 hour. The mixture 

solution (containing lipase immobilized on amino-

grafted mica) was further treated with glutaraldehyde 

solution (5% aqueous solution) for 2 hours at room 

temperature before filtration and drying. Meanwhile, 

the nanoscale-enzyme-reactor (NER-CRL) approach 

was prepared initially by adsorption of a lipase 

solution onto unmodified mica at room temperature 

by continuous agitation at 100 rpm for 1 hour, 

followed by treatment with glutaraldehyde solution 

(5% aqueous solution) for 17 hours. Immobilized 

lipases were recovered by filtration before being 

freeze-dried.  

 Determination of protein content before and 

after immobilization was conducted according to the 

Bradford method (Bradford, M.M., 1976). Bovine 

serum albumin was used as standard. The percentage 

of immobilization (bound protein) was calculated as 

defined in our previous work. 

 The esterification activity catalyzed by lipase 

derivatives was performed in hexane (10.0 mL). The 

reaction mixture consisting of lauric acid (2.0 mmol), 

propanol (4.0 mmol) and free lipase (0.15 g) were 

incubated in a horizontal water-bath shaker with 

continuous shaking at 40°C for 2.5 hours. The 

reaction was terminated and followed by titration 

with 0.15 M NaOH using an auto-titrator (808 

Titrando System, Metrohm) to determine the 

remaining free fatty acid in the reaction mixture. For 

the case of immobilized enzymes, the similar amount 

of protein content (2.14 mg protein) as in 0.15 g free 

lipase was used. The specific enzyme activity (SEA) 

was expressed as µmol/min/mg protein.  

 The reaction for sugar ester syntheses consisted 

of a mixture of capric acid and lactose sugar (molar 

ratio of 1:1), a molecular sieve (0.3 g) and lipase 

preparations (containing 2.14 mg protein). The 

reaction mixtures were incubated in tert-butanol 

(10.0 mL) at 55C with the presence of lipases at 250 

rpm shaking speed. Samples were withdrawn at 

different time intervals. The effects of fatty acid 

chain lengths and various organic solvents on the 

sugar ester syntheses were also studied.  

 The semi-solid product of ester was analyzed by 

the infra-red spectrophotometer (Perkin-Elmer, 

Waltham, MA). The reaction mixtures were further 

analyzed by the high-performance liquid 

chromatography (Agilent 1290 Infinity UHPLC) 

with 72.2% conversion yield of main product. 

 

RESULTS AND DISCUSSION 

 

 Immobilization of a biocatalyst is believed to 

facilitate mass transfer by dispersing the enzyme on a 

carrier surface and by preventing the aggregation of 

enzyme molecules (Chen, J.P. and W.S. Lin, 2003). 

Therefore, the dispersion of lipase in the reaction 

media is increased and to make it available to 

accommodate the substrate. The percentage of CRL 

being immobilized on the mica-based supports is 

reported in Table 1. 

 As shown, the current approach of EAC-CRL 

resulted in the immobilization yield of more than 

80% with protein loading of 8.46 mg/g support, a 

slightly lower than NER-CRL (8.65 mg/g support). 

Through this work, an EAC-CRL was prepared by 

cross-linking of the more free lipases on the surface 

of the support via glutaraldehyde activation with the 

lipase previously adsorbed on the amino-modified 

mica. Accordingly, the percentage of immobilization 

increased up to 81.26% for the new EAC-CRL as 

compared to the previous work (78.4% for Amino-

CRL), as it is known that glutaraldehyde activation 

as a simple alternative to immobilization of proteins 

(21). As the comparison to previous work, NER-CRL 

was approached through a direct physical adsorption 

of lipase molecules into the nanoporous mica (41.0 

nm), followed by allowing the cross-linking of lipase 

molecules to occur inside the nanoporous mica via 

the addition of glutaraldehyde to prevent leaching. 

 Lipase activities for free and immobilized 

lipases and lipase were investigated in esterification 

reaction. As the comparison to the free lipase, high 

specific activities were achieved with approximately 

similar values for both EAC-CRL and NER-CRL by 

factors of 2.59 and 2.61 fold, respectively (Table 1). 

Overall flexibility of the enzyme molecules might be 

decreased as a result of lipase modification (Palomo, 

J.M., 2002). However, in this case, the well 

dispersion of lipase on the support and the stable 
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interactions of lipase with the available support 

properties might increase the lipase activity. Figure 1 

shows the high-resolution TEM micrographs of 

lipases distribution which appeared as black spots 

covering on the most of surfaces of mica for EAC-

CRL (a) and NER-CRL (b), in comparison to mica 

carrier without lipase (c).  

 
Table 1: Protein loadings, immobilizations and lipase activities in esterification. 

Lipase 

derivatives 

Protein loading 

(mg/g support) 

Immobilization 

(%) 

Activity a 

(U/g enzyme) 

Specific activity 

(U/mg protein) 

Reference 
 

 

Free CRL 

NER-CRL 

EAC-CRL 

- 

8.65 

8.46 

- 

86.40 

81.26 

- b 

790.50 

770.70 

35.03 

91.34 

91.00 

14 

15 

This study 

 

a Activity of the lipases was carried out via esterification reaction. 
b Activity of the free lipase was expressed for 0.15 g enzyme (containing 2.14 mg protein). 

 

 
 

Fig. 1: TEM micrographs of (a) EAC-CRL, (b) NER-CRL and (c) mica support without lipase, at 30,000x 

magnification. 

 

 Time course effect on the reaction rate was 

performed in tert-butanol with a 1:1 molar ratio of 

lactose to capric acid in the presence of immobilized 

lipases (Figure 2). The rate of reaction and overall 

conversion of products increased with reaction time. 

The reactions catalyzed by EAC-CRL and NER-CRL 

reached an equilibrium with percentage of 

conversion rates of 46-% and 49-%, respectively, 

after 48 hours of incubation. Thereafter, the 

percentage conversions were relatively constant as a 

result of the production of water molecules to 

accommodate the hydrolysis process (Virto, C. and 

P. Adlercreutz, 2002). Comparatively, reactions with 

Free-CRL only achieved about 12-% of sugar ester 

conversion after 48 hours. With time, the velocity of 

each reaction declined until equilibrium was reached. 

As the reaction progressed, the concentration of 

substrates decreased along with the degree of enzyme 

saturation.  

 In order to assess the specificity of immobilized 

CRL toward fatty acids length, esterifications were 

carried out with acids of different chain lengths. 

Figure 3 shows the effects of various fatty acid 

chain-lengths on the esterification of lactose sugar 

and various fatty acids. The results showed that the 

conversion rate initially increased from the chain-

length of C8 to C10 as shown by both NER-CRL and 

EAC-CRL and as well as free lipase. The reaction 

with capric acid (C10) exhibited the best conversion 

rate of up to 58-% as catalyzed by immobilized 

lipases, if compared to the rest of the longer chain 

lengths of fatty acids (C12, C14, C16), all of which 

had almost similar conversion results. Ardhaoui et al. 

reported the similar finding whereby a higher 

conversion result was achieved by shorter chain 

lengths of fatty acids (<C12), and there was no 

significant effect for the longer carbon chain-lengths 

(Ardhaoui, M., 2004). Conversely, Pedersen et al. 

showed that the conversion rate increased with the 

chain-length (C12-C18) (Pedersen, N.R., 2002). In 

addition, Sin et al. showed that the lipase was more 

favorable with the intermediate chain-lengths of C12 

to C14 (Sin, Y.M., 1998). These conflicts might be 

attributed to the lipase selectivity which depending 

on the conditions of the reaction medium. In our 

study, the result showed that the specificity of CRL 

towards fatty acid chain-length changed after lipase 

immobilization. The conversions of the shorter acid 

chains were improved by preventing the acids from 

reacting with the serine residue at the active site of 

lipase. In fact, the very short acid, such as acetic 

acid, is a potent inhibitor of lipase activity. In this 

study, the preference of enzymes for fatty acids was 

affected after immobilization.  

 Different organic solvents may affect different 

reaction systems in different ways. The tremendous 

potential of enzymes for chemical processes in non-

aqueous environments is well recognized (Lozano, 

P., 2004). Enzyme activity is known to be influenced 

by the polarity of the organic solvents employed for 

esterification. Effects of different organic solvents on 

percentage conversion of lactose ester catalyzed by 

NER-CRL, EAC-CRL and Free-CRL are shown in 

Figure 4. The solvent can affect enzyme catalysis by 

influencing the solubility of the substrates and 

products or by direct interaction with the enzyme. In 

some cases, the intermediate polar solvents are 

known to favor greater enzyme stability and are used 

due to their partial solubility of both fatty acid and 

sugar compounds without inactivating the enzyme 

(Kennedy, J.F., 2006; Lozano, P., 2004), as shown 

by chloroform in this case. Comparatively, tert-

butanol tends to give relatively lower esterification 

rates due to the low solubility of lactose. In addition, 
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the tertiary alcohol might strip the essential micro-

aqueous layer of water from around the enzyme 

thereby affecting the active conformation of enzyme. 

 

 
 

Fig. 2: Percent conversion of fatty acid catalyzed by immobilized lipases as affected by reaction time. Reactions 

were performed at 55
o
C in tert-butanol with a 1:1 molar ratio of sugar to capric acid. 

 

 
 

Fig. 3: Percent conversion of fatty acid catalyzed by immobilized lipases as affected by various fatty acid chain-

lengths. Reactions were performed at 55
o
C in tert-butanol with a 1:1 molar ratio of sugar to fatty acid. 

CA: Caprylic acid, DA: Capric acid, LA: Lauric acid, MA: Myristic acid, PA: Palmitic acid.  

 

 

 
 

Fig. 4: Percent conversion of fatty acid catalyzed by immobilized lipases as affected by various organic 

solvents. Reactions were performed at 55
o
C with 1:1 molar ratio of sugar to capric acid. Log P of 

Acetone = -0.23, Ethyl acetate = 0.68, tert-Butanol = 0.8, Chloroform = 2, Hexane = 3.5 and iso-

Octane = 4.5. 

 

 The results show that the more hydrophilic 

solvents (log P < 2.0) could enhance the conversion 

of products very well. Interestingly, acetone (log P = 

-0.23) had the highest conversion rate of sugar esters 

(72-%) as catalyzed by NER-CRL followed by EAC-

CRL (68-%). Similarly, Free-CRL catalyzed 52-% of 

ester conversion in this solvent. In some cases, 

hydrophilic solvents were reportedly able to 

solubilize both sugar compounds and enzymes. 

However, enzyme inactivation was believed to be 

overcome by the use of immobilized form of 

enzymes (Shin, M.J., 2007). Interestingly, the highest 

conversion rates of sugar esters were obtained in 

more polar solvents (acetone) for both free and 

immobilized lipases. Accordingly, it was proven that 

mica-based immobilized lipases tolerate organic 

solvents.  

 Product of ester was characterized by infra-red 

spectrophotometer (IR). The lactose monohydrate 

had absorption peaks at 3354 cm
-1

 characterized the 

CO-H bonds vibrations of lactose groups (Figure 5a). 

The sharp band at 2896 cm
-1

 was due to the two 

types of C-H bonds located in the glucose and 

galactose units and the functional groups outside the 

sugars (Neely, W.B., 1957). Three major peaks were 

observed for esters (Figure 5b). The existence of the 
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strongest peak of carbonyl groups conjugated to a 

double bond (C=O) at 1713 cm
-1

 strongly suggested 

the existence of the corresponding ester due to the 

new bond (COO-R) formed by the esterification 

process. In addition, the substrates and ester product 

were also characterized by ultra high-performance 

liquid chromatography (UHPLC). The peaks at the 

retention time of 0.27-0.54 and 4.26 minutes (Figure 

6a) correspond to lactose (1) and capric acid (5), 

respectively. In comparison, the reaction mixture 

performed three new peaks between the reactants’ 

peaks corresponding to the mono- (2), di- (3) and tri-

esters (4) at the retention time of 0.96 min, 2.62 min 

and 2.90 min, respectively, as shown in Figure 6 (b). 

The analysis showed monocaprate ester to be the 

main product (72.2%) which appeared at the 

retention time very close to that of the free sugar. As 

shown, the reaction catalyzed by this immobilized 

lipase was very selective towards the formation of 

monoester, namely lactose caprate.  

 

 
 

Fig. 5:  IR spectra of (a) lactose sugar with its corresponding product of (b) lactose caprate ester. 

 

Conclusion: 

 In this study, the different approaches of 

immobilization of lipase onto low-cost mica were 

successfully performed through the bifunctional 

glutaraldehyde activation. The high-protein binding 

effects, excellent productivity and strong ability of 

these biocatalysts in the sugar ester syntheses were 

observed after immobilization. Therefore, the noble 

performance shown by prepared biocatalysts affords 

them toward a high potential in many 

biotransformation and bioengineering applications. 

 

 
   

Fig. 6: UHPLC chromatographic analysis of the sample; (a) substrate mixture of lactose sugar and capric acid, 

and (b) reaction mixture of lactose caprate ester catalyzed by immobilized lipase. The peaks labeled 

with 1, 2, 3, 4 and 5 corresponding to lactose sugar, mono-ester, di-ester, tri-ester and capric acid, 

respectively. 
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