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INTRODUCTION

Enzymes are versatile catalysts in many industrial 
applications	 (1,	 2).	 In	 spite	 of	 their	 enormous	 synthetic	
potential, application of enzymes as native proteins 

suffers several drawbacks. Many enzymes in aqueous solutions 
are relatively unstable and their recovery from such reaction 
mixtures	may	be	difficult	due	to	the	high	solubility	of	proteins	
in water. 
The	 catalytic	 activity,	 selectivity,	 specificity	 and	 enzyme	
stability	are	key	factors	affecting	the	efficiency	of	biocatalysts	
(1-6).	 Immobilization	 can	 enhance	 the	 key	 properties	 of	 the	
biocatalysts such as stability and convenience of recovery 
and	reuse	(3-45).	
Lipases	 (EC	 3.1.1.3,	 triacylglycerol	 esterases)	 which	 normally	
catalyze the hydrolysis of triacylglycerols to fatty acids, mono-, 
and diacylglycerols, and glycerol are the most frequently used 
biocatalysts. Biotransformations with lipases are extensively 
studied because in organic solvents with low-water content, 
synthetic reactions are favoured and the enzymes have their 
stability	increased	(2,	6).	

Since lipases are stable, easy to handle and 
possess rather broad substrate specificity, 
and	a	high	enantio-	and	regioselectivity	(7),	
they	are	used	as	biocatalysts	in	industry	(1). 
To improve their synthetic applicability 
lipases are often used as immobilized 
biocatalysts	 (3-5).	 Enzyme	
adsorption onto suitable carriers 
–	 especially	 for	 lipases	 –	 is	 a	
convenient one step immobilization 
method	(3-5).
The commercially available lipases 
developed for various applications in 
many instances are not pure preparations but 
contain different enzymes including several lipases. 
As the activity, stability or selectivity of each lipase may be 
different this presents a problem making the understanding, 
optimization or maintenance of the processes difficult. 
Interfacial adsorption of lipases on hydrophobic supports has 
been proposed as a very simple protocol to purify lipase from 
other	enzymes	(8,	9).	

A	 series	 of	 eighteen	 novel	 surface	 modified	 silica	 gels	
were systematically studied as carriers of lipase A and 
B	 from	 Candida	 antarctica	 (CaLA	 and	 CaLB)	 by	 using	
hydrophobic adsorption methodology. Many of the 
mechanically stable novel hydrophobic silica gels were 
found	as	efficient	lipase	carriers	resulting	in	new	biocatalysts	
with different degrees of activity and enantioselectivity. 
Selective adsorption preferring CaLB from the mixture of 
the two lipases onto the novel supports indicated that 
proper hydrophobic adsorbents can offer us a simple, 
efficient	 and	 low-cost	 technology	 to	 separate	 useful	
lipases from their mixture or even from a crude extract. 
The usefulness of the methodology was demonstrated 
by production of a selective lipase from Pseudozyma 
aphidis	(PaL)	as	 immobilized	biocatalyst	directly	from	the	
fermentation supernatant in a single step.
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Figure 1. (A) Kinetic resolution of racemic 
1-phenylethanol catalyzed by CaLA or 
CaLB. (B) Kinetic resolution of racemic 
1-phenylethanamine with lipase from 
Pseudozyma aphidis.
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Hydrophobic supports such as butyl, octyl 
and phenyl agarose proved to be suitable 
for separation of lipases in pure form from 
fermentation broths of Aspergillus niger 

(10),	 Penicillium simplissicimum (11)	 or	
Staphylococcus warneri (12).	 Lipases	
A and B from Candida (Pseudozyma) 
antarctica (CaLA	 and	 CaLB) have 
many excellent characteristics and they 
become widely used biocatalysts in 

many	industrial	applications	and	scientific	
research	projects	(7,	13,	14).	

Immobilization	of	CaLB	on	butyl	(15)	or	octyl	silica	(16,17)	already	
indicated	 that	 surface	modified	 silica	 gels	 may	 be	 suitable	 for	
adsorptive	 immobilization	 of	 lipases.	 Surface	 modified	 silica	
supports especially butyl silica proved to be suitable carriers for 
CaLB	 catalyzed	 reactions	 in	 ionic	 liquid/supercritical	 carbon	
dioxide	biphasic	media	 (18).	Our	goal	 in	 this	work	was	 to	 study	
the	efficiency	and	selectivity	of	adsorptive	immobilization	of	CaLA	
and	CaLB	onto	variously	modified	mesoporous	silica	supports	by	
characterization of the resulting biocatalysts in kinetic resolution of 
racemic	1-phenylethanol	(Fig.	1	A).	Because	differences	between	
the adsorption ability of CaLA and CaLB to various surfaces were 
observed	 already	 (19)	 selective	 adsorption	 of	 CaLB	 and	 CaLA	
from their mixture was also studied. Pseudozyma aphidis is the most 
closely related but separate species to Candida (Pseudozyma) 
antarctica	 (20)	 which	 was	 shown	 to	 produce	 lipase	 (21).	 To	
demonstrate	the	usefulness	of	our	method,	our	final	objective	was	
to produce lipase from the crude fermentation broth of P. aphidis 
(PaL)	by	a	single	step	isolation-immobilization	with	the	most	suitable	
novel carriers and use it as an immobilized biocatalyst suitable for 
kinetic	resolution	of	racemic	amines	(Fig.	1	B).	

RESULTS AND DISCUSSION

Modification	 of	 the	 surface	 of	 a	 mesoporous	 silica	 gel	 (Davisil,	
25	nm)	with	a	selection	of	mono	and	disubstituted	alkoxysilanes	
by	using	a	modified	version	of	Stöber-method	omitting	the	silica	
nanoparticle	 formation	 step	 (22,	 23,	 24)	 enabled	 us	 to	prepare	
eighteen mechanically stable silica based supports of various 
hydrophobicity. 

These hydrophobic silica supports were tested as carriers in 
adsorptive	 immobilization	of	CaLA	(Table	1)	and	CaLB	(Table	2). 
The resulting biocatalysts were characterized by their catalytic 
behaviour in kinetic resolution of rac-1 with vinyl acetate.
 
Adsorptive immobilization of CaLA and CaLB on 
hydrophobic silica supports
First	 the	 adsorptive	 immobilization	 of	 CaLA	 (Table	 1)	 and	 CaLB	
(Table	2)	was	carried	out.	The	activity	and	selectivity	of	the	resulting	
immobilized	biocatalysts	can	be	compared	by	the	conversion	(c),	
enantiomeric	excess	(ee)	of	the	product	and	enantiomeric	ratio	(E)	
in the enantiomer selective acylation of racemic 1-phenylethanol 
rac-1 (Fig.	1	A).	
The	results	 indicate	that	both	CaLA	and	CaLB	can	be	efficiently	
immobilized on hydrophobic supports. The immobilized CaLA 
biocatalysts	showed	variable	activity	(c=	1.4–40.2	%,	after	1	h)	and	
only	a	 slight	 selectivity	 (E=	 1.4–2.0)	 favouring	 the	 (S)-enantiomer	
of 1 (Table	1).	 The	octyl-silica	CaLA	variant	exhibited	 the	 lowest	
activity	(c=	1.4	%)	and	the	highest	enantiomer	selectivity	(ee(S)-2=	
32.2	%;	E=	2.0),	whereas	the	dimethyl-silica	CaLA	biocatalyst	was	
the	most	active	(c=	40.2	%)	with	lower	selectivity	(ee(S)-2=	15.6	%;	
E=	1.5).	
In	 general,	 adsorption	 onto	 short	 chain-modified	 silica	 gels	
resulted in more active CaLA variants with low selectivity whereas 
adsorption	onto	the	more	hydrophobic	long	chain-modified	silica	
gels resulted in less active CaLA biocatalysts with somewhat higher 
selectivity. 
The adsorbed CaLB variants showed less variable activity 
(c=	 10.0–43.1	 %,	 after	 1	 h)	 and	 only	 slightly	 variable	 and	 high	
selectivity	(E	>200)	for	the	(R)-enantiomer	of	1. Interestingly, CaLB 
exhibited the highest activity as well as the best enantiomer 
selectivity	when	adsorbed	onto	phenyl-modified	supports.	
The	 methyl/phenyl-silica	 CaLB	 variant	 was	 the	 most	 selective	
(ee(R)-2 >99.9	%)	with	good	activity	(c=	38.0	%)	while	the	phenyl-
silica	 CaLB	 biocatalyst	 was	 the	 most	 active	 (c=	 43.1	 %)	 but	
slightly	 less	 selective	 (ee(R)-2=	 99.7	 %).	 Interestingly,	 the	 octyl-
silica	 adsorbed	 CaLB	 showed	 the	 lowest	 activity	 (c=	 10.0	 %) 
while	 enantiomer	 selectivity	 was	 maintained	 (ee(R)-2=	 99.6	 %). 

Selectivity of the adsorption CaLB and CaLA from 
their mixture onto hydrophobic silica supports
The novel hydrophobic silica-based supports were tested 
for their ability to perform selective adsorption of the lipases 

Table 1. Properties of CaLA on surface 
functionalized silica supports in the kinetic 
resolution of rac-1 (0.41 mM, 30°C, 1 h). [best 
activity: green; best (S)-selectivity: yellow]

Table 2. Properties of CaLB on surface 
functionalized silica supports in the kinetic 
resolution of rac-1 (0.41 mM, 30°C, 1 h). [best 
activity: green; best (R)-selectivity: yellow]

CO-CaLB
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(CaLA	 and	 CaLB)	 from	 Candida (Pseudozyma) antarctica. 
For this reason adsorptive immobilizations were performed 
from	a	1:1	 (v/v)	mixture	of	CaLA	and	CaLB	and	 the	 resulting	
biocatalysts were tested in kinetic resolution of rac-1	(Table	3). 
To visualize the selectivity of the adsorption from the lipase 
mixture, the ee(R)-2 and E values extrapolated from the results 
of experiments with pure CaLA and CaLB are also shown 
(values	between	brackets	in	Table	3).	
It is visible that all supports adsorbed CaLB preferably. 
The highest CaLB selectivities were achieved with 
the most hydrophobic perfuorooctyl-, dodecyl- and 
octadecyl-silica	 supports	 (with	 ee(R)-2=	 97.5	 %	 and 
E=	 98;	 ee(R)-2=	 95.3	 %	 and	 E=	 57;	 and ee(R)-2=	 94.8	 %	 and 
E=	 50;	 respectively).	 The	 highest	 activities	 with	 acceptable	
CaLB selectivity were achieved with the moderately 
hydrophobic 3-mercaptopropyl-, propyl-, vinyl-, and phenyl-
silica	supports	(with	c=	39.5	%	and	E=	46;	c=	36.2	%	and	E=	36;	
c=	35.8	%	and	E=	37;	and c=	35.5	%	and	E=	33;	respectively).	
Interestingly, the octyl-silica proved to be the less selective 
as adsorption support providing activity and selectivity results 
close to the extrapolated values.

The fact that all mesoporous supports including the non-
modified silica gel exhibited more or less selectivity towards 
CaLB over CaLA may be partially rationalized when the size 
of the two lipases is taken into account. 
It	is	not	surprising,	that	the	smaller	CaLB	(MW=	33	kDa,	D=	4.5	nm) 
can	 penetrate	 easier	 into	 the	 pores	 of	 the	 supports	 (D=	 25	
nm)	than	the	bigger	CaLA	(MW=	49.3	kDa,	D=5.12	nm).	
We found the highest CaLB selectivity on the perfluorooctyl-
silica in contradiction to a previous study showing the highest 
amount	of	immobilized	CAL-A	on	fluorinated	surface	(19).	
This underlines our finding that the selectivity of a real 
adsorption process in which different proteins are competing 
can not be extrapolated from the pure enzyme adsorption 
data.
Worth mentioning that specific activity of the biocatalysts 
(UB;	 µmol	 min-1 g-1)	 can	 be	 calculated	 at	 any	 degree	 of	
conversion	(c).	
Because the rate of product formation is not a linear function 
of c, rigorous comparisons between the activity of the various 

biocatalysts using their UB values can only be made at the 
same degree of conversions. Therefore, activity of the various 
immobilized lipases are compared by c at similar reaction 
time	(Tables	1-4).

Adsorption of lipases from Pseudozyma aphidis 
fermentation broth onto hydrophobic silica 
supports
Most of the reported examples for kinetic resolution of racemic 
amines were run in organic solvents, with CaLB as the most 
commonly	 employed	 hydrolase	 (7,	 25,	 26).	 This	 prompted	
us to explore the potential of the lipase from P. aphidis as 
biocatalyst for kinetic resolution of racemic amines. Because 
ether-containing	 esters	 such	 as	methyl	methoxyacetate	 (27)	
and	 isopropyl	 2-methoxyacetate	 (28)	 proved	 to	 be	 efficient	
acylating agents in enzymatic amine resolutions, isopropyl 
ethoxyacetate was selected as a suitable novel acylating 
agent in kinetic resolution of 1-phenylethanamine rac-3 for this 
study	(Fig.	1	B).	The	adsorption	tests	with	CaLA	–	CaLB	mixture	
onto	 octyl-silica	 (Table	 3)	 indicated	 that	 this	 support	 is	 the	
least selective towards CaLB. On the other hand, phenyl-silica 
proved to be a versatile support exhibiting high activity and 
acceptable	CaLB	selectivity	(Table	3).	

Adsorption	 of	 the	 lipase	 (PaL)	 from	 the	 centrifuged	
supernatants of two different fermentations of P. aphidis	–	in	a	
lipase	 inducer-free	medium,	M6	(21)	and	 in	a	 lipase-inducer-
containing	 medium,	 Lip1	 (29)	 –	 onto	 these	 two	 adsorbents	
were	investigated	(Table	4).
Although fermentation in an energy rich lipase inducer-free 
medium	 M6	 (21)	 resulted	 in	 high	 level	 of	 lipase	 production,	
adsorption experiments with the non-selective octyl silica 
adsorbent	 indicated	 the	 presence	 of	 significant	 amount	
of CaLA-like activity resulting in low enantiomer selectivity 
(ee(R)-4=	 89.9	 %,	 E=	 20).	 Adsorption	 with	 phenyl-silica	 from	
the same M6 broth resulted in acceptable selectivity 
(ee(R)-4=	 98.5	 %,	 E >100)	 but	 only	 moderate	 productivity 
(c= 4.2	%).	Octyl-silica	adsorption	 from	 the	 supernatant	of	P. 
aphidis fermentation in lipase inducer-containing medium Lip1 
(29)	 indicated	 increased	 production	 of	 the	 CaLB-like	 lipase 
(ee(R)-4=	 99.6	 %,	 E	 »200).	 The	 best	 results	 were	 achieved	 by	
a single step phenyl-silica adsorption of PaL from the Lip1 
medium	 resulting	 in	a	 selective	PaL	biocatalyst	 (ee(R)-4=	99.7	
%,	E	 »200)	with	 the	good	activity	 (c= 8.3	%)	directly	 from	 the	
fermentation broth.

EXPERIMENTAL SECTION

Chemicals, enzymes and microbial methods
Racemic 1-phenylethanol [rac-1], vinyl acetate and all further 
chemicals and solvents were of analytical grade or higher 
were	 products	 of	 Sigma,	 Aldrich	 or	Merck.	 CaLA	 L	 (lipase	 A	
from Candida antarctica)	and	CaLB	L	(lipase	B	from	Candida 
antarctica)	 were	 the	 products	 of	 Novozymes.	 Isopropyl	
ethoxyacetate and surface functionalized silica gels were the 

Table 3. Biocatalysts from adsorption of a CaLA – 
CaLB mixture (1:1 v/v) on surface functionalized 
silica supports in the kinetic resolution of rac-1 
(0.41 mM, 30°C, 1 h). [extrapolated data are 
between brackets; best activity: pale green; best 
CaLB selectivity: yellow; worst CaLB selectivity: 
pale blue]

Table 4. Properties of PaL adsorbed on 
surface functionalized silica supports in the 
kinetic resolution of rac-3 with isopropyl 
ethoxyacetate (at 2 h)
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products of SynBiocat. Pseudozyma aphidis	(MUCL	27852)	was	
obtained	from	the	BCCM/MUCL	(agro)industrial	fungi	&	yeasts	
collection. 
Shake	flask	fermentations:	in	Lip	1	medium	(composition	in	g	L-1: 
olive	oil,	10;	sucrose,	10;	defatted	soybean	meal,	2.5;	KH2PO4,	2; 
CaCO3,	 1.5;	 (NH4)2HPO4,	 1;	 Tween-80,	 0.5;	 MgSO4 7H2O,	 0.5;	
NaCl,	0.5;	NaNO3,	0.5;	 trace	element	 solution,	0.5.)	according	
to	 Bódai	 et	 al.	 (29);	 in	 M6	 medium	 (composition	 in	 g	 L-1: 
glucose,	 40;	 yeast	 extract,	 1;	 KH2PO4,	 0.3;	 MgSO4 7H2O,	 0.3;	
NaNO3,	3)	according	to	Dimitrijević	et	al.	(21).

Analytical methods
GC	 analyses	 were	 carried	 out	 on	 Agilent	 4890	 instrument	
equipped with FID detector using H2	carrier	gas	(injector:	250°C,	
FID:	250°C,	head	pressure:	12	psi,	split	ratio:	50:1)	on	a	Hydrodex	
β-6TBDM	column	(25	m	×	0.25	mm	×	0.25	µm	film	with	heptakis-
(2,3-di-O-methyl-6-O-t-butyldimethylsilyl)-β-cyclodextrine;	
Macherey	&	Nagel).	
Analysis of rac-1 and rac-2 (oven:	120°C,	8	min),	tr	(min):	4.0	[(S)-2], 
4.4	 [(R)-2],	 5.8	 [(R)-1],	 6.0	 [(S)-1]. Analysis of rac-3 and rac-4 
(oven:	100-180°C	4°C/min,	180°C	5	min),	tr	(min):	4.3	[(R)-3],	4.4	
[(S)-3],	18.4	[(S)-4],	18.7	[(R)-4]. 
Conversion	(c),	enantiomeric	excess	(ee)	and	enantiomeric	ratio	
(E)	were	determined	by	GC	providing	base-line	separations	of	
the enantiomers of 1-4 and using precise integration methods. 
Enantiomeric	ratio	(E)	was	calculated	from	c and enantiomeric 
excess	of	the	product	(eeP)	using	the	equation	E=	ln[1-c(1+eeP)]	
/	ln[1-c(1-eeP)]	[30].	
Due to sensitivity to experimental errors, E values calculated in 
the	100-200	 range	are	given	as	>100,	 in	 the	200-500	 range	as	
>200	and	above	500	as	»200.

Adsorption of CaLA and CaLB onto surface 
modified silica gels
Surface	functionalized	silica	gel	(250	mg)	was	added	to	enzyme	
solution	[1.25	mL	of	CaLA	L	or	CaLB	L	or	a	mixture	of	them	(1:1,	
v/v)]	which	was	diluted	with	Tris	buffer	(11.75	mL,	100	mM,	pH=7.5,	
ionic	strength	controlled	with	NaCl	to	175	mM).	The	mixture	was	
shaken	 (400	 rpm)	at	 4°C	 for	 18	 h.	 The	 immobilized	 lipase	was	
filtered	 off	 (glass	 filter	 G4),	 washed	 twice	 with	 2-propanol	 (5	
mL),	hexane	(5	mL)	and	dried	at	room	temperature	(2	h).	After	
drying,	the	immobilized	lipases	were	stored	at	4°C.

Adsorption of lipases from Pseudozyma aphidis 
onto surface modified silica gels
Surface	functionalized	silica	gel	(250	mg)	was	added	to	300	mL 
of	centrifuged	supernatant	(3000	rpm,	30	min,	4°C)	from	Pseudozyma 
aphidis	 fermentation.	 The	 mixture	 was	 shaken	 (400	 rpm) 
at	4°C	for	18	h.	The	immobilized	lipase	was	filtered	off	(glass	filter	G4), 
washed and stored as described in the previous section.

Enantiomer selective acetylation of racemic 
1-phenylethanol rac-1 in shake vials
Immobilized	 lipase	 (50	 mg)	 was	 added	 to	 a	 solution	 of	 the	
racemic 1-phenylethanol rac-1 (101	 mg;	 0.828	 mmol)	 in	
hexane/tert-butyl	methyl	ether/vinyl	acetate	6/3/1	 (2	mL)	 in	a	
sealed amber glass vial and the resulting mixture was shaken 
(1000	rpm)	at	30°C	for	4	h.	The	reactions	were	analyzed	by	GC	
after	1,	2,	and	4	h.

Enantiomer selective acylation of racemic 
1-phenylethanamine rac-3 in shake vials
Immobilized	 lipase	 (20	 mg)	 and	 isopropyl	 ethoxyacetate	
(45.8	 mg,	 46	 µL)	 were	 added	 to	 a	 solution	 of	 the	 racemic	
1-phenylethanamine rac-3 (19	mg;	0.156	mmol)	in	toluene	(0.95	
mL)	in	a	sealed	amber	glass	vial	and	the	resulting	mixture	was	
shaken	(1000	rpm)	at	30°C	for	4	h.	The	reactions	were	analyzed	
by	GC	after	1,	2,	and	4	h.

CONCLUSION

Our	 results	 with	 a	 series	 of	 eighteen	 novel	 surface	 modified	
silica	 indicated	that	the	mechanically	stable	surface-modified	
silica-gels can be advantageously applied as carriers of 
CaLA and CaLB in hydrophobic adsorption immobilization. 
Several of the novel biocatalyst provided superior activity and 
enantioselectivity comparable to the existing commercial CaLA 
and CaLB preparations. All mesoporous hydrophobic silica-
based supports exhibited selective adsorption preferring CaLB 
from the mixture of the two lipases. 
The	usefulness	of	this	simple,	efficient	and	low-cost	technology	
was	demonstrated	by	producing	an	efficient	 immobilized	PaL	
–	 a	 selective	 lipase	 from	P. aphidis	 –	 in	 a	 single	 step	 process	
directly from the supernatant of a fermentation in a lipase-
inducer containing medium.
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