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In this study, trypsin was immobilized onto commercial silica gel and the
transesterification of N-acetyl-L-tyrosine ethyl ester (ATEE) and 1-propanol in an
organic solvent was used as a model reaction. The amount of trypsin adsorbed onto
the support affected the time required to achieve full conversion. The concentration
of immobilized trypsin that provided a maximum yield of product in a minimal amount
of time was 43 �mol of trypsin/g silica gel. At the end of transesterification reactions,
the turnover frequency (9.3 · 10–5 to 6.8 · 10–3 s–1) and turnover number (8 to 520) of
transesterification markedly increased when the initial concentration of the substrate had
increased from 0.8 to 100 mmol L–1. The kinetic parameters Km (64.8 mmol L–1 ATEEinitial)
and Vmax (0.364 mmol L–1 ethanol min–1) were determined. The immobilized trypsin
maintained enzymatic activity and reusability after one month of storage at 4 °C.
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Introduction

The most valuable property of enzymes is their
selectivity in reaction catalysis. Enzymatic reac-
tions in organic solvents provide numerous indus-
trially attractive advantages, such as increased solu-
bility of non-polar substrates, reversal of the ther-
modynamic equilibrium of hydrolysis reactions,
suppression of water-dependent side reactions,
alternation of substrate specificity and enantio-
selectivity, and elimination of microbial contamina-
tion.1–3

In general, hydrophilic solvents are preferred
because the enzyme activity is retained in these sol-
vents; however, polar substrates are often used in
many esterification reactions. The solvent influ-
ences the activity and/or stability of the enzymes, as
well as the equilibrium of the reaction.4

Proteases, such as trypsin, are widely used in
industrial and biomedical applications;5 however,
the application of native enzymes is limited in in-
dustrial processes due to enzyme instability and the
rapid loss of biocatalytic activity during operation
and storage (autolysis effect). Furthermore, it is dif-
ficult to remove the enzyme from solution, which
may lead to a contaminated product.6–8

Immobilization should allow the enzyme to
maintain its catalytic activity and diminish other
processes that are detrimental to the enzyme, such

as autolysis.9 Many researchers have shown that
immobilized enzymes possess many advantages
over native enzymes, including improved stability
and ease of removal.10,11 Among the various immo-
bilization methods, physical adsorption is the most
widely used.

The enzymatic reactions of proteases have
been employed in various industrial processes.12,13

Trypsin is commonly used in the hydrolysis of
casinomacropeptide,14 wherein the hydrolytic prod-
uct (peptides) is of immense importance in the food
industry and is recognised as a functional food. The
design and development of processes for the contin-
uous production of peptides on a large scale at a
competitive cost are highly desirable. Immobilized
hydrolytic enzymes, such as trypsin, are also impor-
tant in the manufacturing of hypoallergenic baby
food,13 the semi-synthesis of human insulin,15 the
resolution of enantiomeric O- or N, O-derivatised
amino acids,16 and in esterification and transesterifi-
cation reactions.4,17

Peptide synthesis that are catalyzed by proteas-
es have been extensively investigated as an alterna-
tive to the chemical synthesis of polypeptides. In
general, protease-based peptide synthesis does not
require special activation of the carboxyl group, is
highly specific, and does not require a protecting
group.18 In comparison with peptide synthesis, ester
formation and transesterification with proteases
have been less extensively investigated.

The objective of the present study was to deter-
mine the efficiency of immobilized trypsin on com-
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mercial silica gel as a catalyst. To that end, the
transesterification reaction of N-acetyl-L-tyrosine
ethyl ester monohydrate was used as a model reac-
tion. This reaction was conducted using different
concentrations of substrate and trypsin, and the pro-
duction of ethanol and N-acetyl-L-tyrosine propyl
ester was monitored over time.

Materials and methods

Reagent and materials

Porcine pancreatic trypsin (T4799, lyophilised
powder, 1000–2000 Na-benzoyl-L-arginine ethyl
ester solution (BAEE) units per mg of solid, herein
after referred to as impure trypsin), N-acetyl-L-tyro-
sine ethyl ester monohydrate, buffer phosphate
solution (NaH2PO4 · 2H2O and Na2HPO4 · 12H2O),
commercial silica gel (pore size diameter = 15 nm
and 75- to 175-�m particle size), and 1-propanol
(HPLC grade) were obtained from Sigma-Aldrich,
Logistik GmbH, and Kappelweg, respectively (1,
D-91625 Schnelldorf, Germany).

Mercury porosimetry

Mercury porosimetry (Thermo Electron Corpo-
ration, Pascal 440 and 140 Series) was conducted to
determine the porosity of the silica gels.19

Experimental device

All the experiments were made in a batch reac-
tor that was agitated with Heidolph type RZR-1
motor. The working volume and the overall volume
of the reactor were 0.125 dm3 and 0.210 dm3, re-
spectively.19

Trypsin adsorption and transesterification
reactions

Enzyme adsorption was achieved by stirring
the enzyme (0–30 mg cm–3) and a suspension of
silica gel (final concentration of 10 mg cm–3) in
a 0.125 dm3 reactor at 25 °C and at a pH of 6.5
(maintained with a 25 mmol L–1 phosphate buffer
solution). The amount of adsorbed trypsin was ob-
tained by calculating the difference in trypsin con-
centration before and after adsorption, wherein the
trypsin concentration was spectrophotometrically
evaluated at 280 nm. The concentration of trypsin
after enzyme immobilization was determined by
centrifugation and evaluation of the supernatant.
After centrifugation, the solid phase was washed
twice with a phosphate buffer solution (pH = 6.5)
for 5 minutes to eliminate free trypsin. The enzyme
desorbed during these washing steps was deter-
mined, and the enzyme adsorbed was corrected
considering the enzyme desorption.

Desorption experiments were realized by wash-
ing immobilized trypsin with a 25 mmol L–1 phos-
phate buffer solution (pH = 6.5) for 120 min.

The trypsin-catalyzed transesterification of
N-acetyl-L-tyrosine ethyl ester monohydrate (ATEE)
and 1-propanol to N-acetyl-L-tyrosine propyl ester
and ethanol was monitored, as in previous work, to
determine the catalytic activity of the enzyme
(Scheme 1).17

The reaction was conducted in a 0.125 dm3 re-
actor at 25 °C, wherein a suspension of immobi-
lized enzyme (solid phase) was combined with
1-propanol, ATEE (10 mmol L–1) and � = 5 % H2O
(or buffer solution (25 mmol L–1) phosphate solu-
tion, pH = 6.5). The ethanol concentration was
monitored by gas chromatography to determine the
conversion of transesterification.

Transesterification was conducted using various
amounts of immobilized trypsin (4.7–61.4 �mol
trypsin adsorbed/g silica gel) at a constant ATEE
concentration of 10 mmol L–1. Furthermore, differ-
ent concentrations of ATEE (0.8–100 mmol L–1)
were evaluated at a constant trypsin concentration
(4.7 �mol trypsin adsorbed/g silica gel).

Trypsin activity assay

Using gas chromatography, the catalytic activi-
ties of free and immobilised trypsin were evaluated
by measuring the amount of ethanol liberated dur-
ing the transesterification (Varian 3400 chromato-
graph).
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S c h e m e 1 – Transesterification of N-acetyl-L-tyrosine
ethyl ester monohydrate and 1-propanol cat-
alyzed by immobilized trypsin on commercial
silica gel



Specific activities were expressed as the turn-
over frequency (TOF = moles of ethanol/moles of
trypsin per second), whereas the catalytic efficiency
was expressed as the turnover number (TON =
moles of ethanol/moles of trypsin).

Reusability and storage stability

Transesterification was performed with two
samples containing different concentrations of ad-
sorbed trypsin (4.7 and 61.4 �mol of trypsin/g of
silica gel) and different volumes of reaction media
(10 and 125 cm3). Both samples were reused twice
after several washes with 1-propanol. The storage
stability of the second sample (61.4 �mol of
trypsin/g of silica gel) after transesterification was
evaluated at 4 °C. The enzyme-adsorbed support
was separated by centrifugation and stored for four
weeks. The reaction was conducted with 61.4 �mol
of adsorbed trypsin/g of silica gel and 10 mmol L–1

of ATEE in a � = 5 % of 25 mmol L–1 phos-
phate solution (pH = 6.5), 1-propanol at 25 °C for
120 min.

Gas chromatography method

The ethanol concentration was determined by
gas chromatography (Varian 3400 chromatograph)
with a sample of 0.4 �L injected, using a flame-ion-
isation detector and Megabore column DB-WAX
(30 m × 0.55 mm). The operating conditions for the
determination of ethanol were:

– Column temperature: initially 55 °C for
1 min, 55 °C min–1 up to 150 °C (5 °C min–1).

– Detector (FID): temperature: 250 °C.

– Injector temperature: 200 °C.

– Helium carrier flow was 2 cm3 min–1.

The ethanol yields were determined using a
calibration line between peak areas versus ethanol
yields for known standards.

Calculation methods and reproducibility

All immobilization experiments and analytical
methods were made at least in duplicate. Calcula-
tions and statistical analyses were conducted with
OriginPro software, version 8.0.

Results and discussion

Immobilization of trypsin

Trypsin was immobilized onto commercial sil-
ica gel that had been obtained from Sigma-Aldrich.
This specific silica gel with the aforementioned
characteristics (SG-15) was selected based on the
results of our previous study.19

Fig. 1 depicts the amount of trypsin that be-
came immobilized on the silica gel as a function of
time. Equilibrium was achieved after 60 min in all
the experiments. Furthermore, over 80 % of the
maximum amount of immobilized trypsin was in-
corporated into the pores of the silica gel within the
first two minutes, indicating that this process is fac-
ile. Initially, the pores on the surface of the silica
gel were vacant, which resulted in rapid immobili-
zation and a large concentration gradient between
the support and the solution, allowing the enzyme
greater access to the pores. Over time, the amount
of accessible surface had decreased, which limited
the diffusion of trypsin into the silica gel. Thus,
after 2 minutes of adsorption, the ability of the sil-
ica gel to immobilize the enzyme had decreased
(Fig. 1).

In the desorption experiment, the amount of
trypsin removed from the support was monitored
over time (Fig. 1). In the first two minutes, the
amount of adsorbed trypsin had decreased by
0.4 g g–1. Over time, the amount of trypsin removed
from the support remained almost constant, reach-
ing a final concentration of 0.43 g g–1. Therefore, a
5 min. wash removed the majority of the nonim-
mobilized trypsin. Moreover, the trypsin that was
not firmly immobilized in the pores of the support
was also removed; hence, any trypsin that had been
deposited onto the outer surface of the support was
removed by the washing step.

Moreover, in subsequent washes, the presence
of desorbed enzyme was not detected in the
supernatant, which confirmed that the trypsin was
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F i g . 1 – Amount of trypsin adsorbed onto commercial silica
gel as a function of time (�). The concentration of immobi-
lized trypsin after one washing step (�). Experimental condi-
tions: phosphate buffer solution (pH = 6.5), 25 °C; initial con-
centration of silica gel (15-nm pore diameter and 75 to 150-�m
particle size) = 10 mg cm–3; initial concentration of trypsin =
34 mg cm–3.



trapped on the silica gel and it was not likely that an
equilibrium existed between attached enzyme and
free enzyme.

The amount of trypsin that had become immo-
bilized onto the support prior to the washing step
represents the apparent immobilised trypsin con-
centration. The apparent immobilized trypsin con-
centration was 79.3 �mol/g silica gel, which de-
creased to 61.4 �mol/g silica gel after 120 minutes
of washing. These results indicate that the addition
of a washing step reduced the concentration of
trypsin by approximately 30 %. Thus, to achieve a
proper assessment of enzymatic activity, it was nec-
essary to wash away the non-adsorbed trypsin be-
fore the transesterification reaction. In general,
approximately a five-minute wash removed 93 % of
the free enzyme.

Characterisation of commercial silica gel
before and after the adsorption of trypsin

Table 1 summarises the physical properties of
the commercial silica gel before and after the ad-
sorption of trypsin (determined by mercury
porosimetry). The pore size distribution of the silica
gel prior to trypsin adsorption could be divided into
two ranges. More specifically, the pore sizes that
ranged from 4 to 200 nm with a specific volume of
1.0 cm3 g–1 corresponded to 62 % of the total spe-
cific volume, whereas pores larger than 200 nm
with a specific volume of 1.7 cm3 g–1 corresponded
to 38 % of the total specific volume.

As can be observed in Table 1, the immobiliza-
tion of trypsin altered the pore size distribution of
the silica gel and resulted in a lower total specific
surface area and total volume. The specific cumula-
tive volume of the pores before and after immobili-
zation ([Trypsin]initial = 34 mg cm–3) is depicted in
Fig. 2. Therein, the results indicate that the majority
of the pores within the silica gel possessed an aver-
age diameter of 8.5 nm (Fig. 2) prior to trypsin im-
mobilization, which decreased to 6.5 nm after
trypsin adsorption. Thus, changes in the specific

volume of the pores before and after immobiliza-
tion were a result of enzyme adsorption.

In general, all types of pore participated in the
adsorption process. Pore distribution curves in-
dicate that immobilization predominantly occurred
in pores of less than 30 nm in diameter. Further-
more, the results reveal that the pore size decreased
after the adsorption of trypsin.20 For pore sizes of
less than 200 nm in diameter, the cumulative spe-
cific volume of these pores decreased from 1.0 to
0.54 cm3 g–1 after immobilization. Moreover, a de-
crease in the specific volume of pores with diame-
ters of less than 30 nm (Fig. 2) confirmed that im-
mobilization primarily occurred in pores with diam-
eters of less than 30 nm.

Transesterification of N-acetyl-L-tyrosine
ethyl ester monohydrate (ATEE)

In order to study the catalytic capacity of im-
mobilized trypsin onto commercial silica gel, the
transesterification of N-acetyl-L-tyrosine ethyl ester
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T a b l e 1
– Physical properties of the commercial silica gel used in the transesterification reactions. Commercial silica gel (pore

diameter = 15 nm and particle size = 75–150 �m) before and after trypsin immobilization (qe = 42.9 �mol trypsin g–1).

Silica gel

Total specific
surface area

(m2 g–1)

Total specific
cumulative volume

(cm3 g–1)

Pore diameter
ranges

(nm)

Specific volume

(cm3 g–1)

Specific volume

(%)

Before immobilization* 383 2.7
4–200 1.0 62

>200 1.7 38

After immobilization 185 1.3
4–200 0.54 43

>200 0.72 57

*The silica gel was characterised after 25 h of agitation in 1-propanol and � = 5 % phosphate buffer solution (pH = 6.5) at 25°C.

F i g . 2 – The pore size distribution obtained by mercury
porosimetry before and after trypsin immobilization: commer-
cial silica gel before (�) and after trypsin immobilization (�).
Immobilization conditions: 10 mg cm–3 of silica gel, 34 mg cm–3

of trypsin (42 �mol of trypsin g–1) in a � = 5 % phosphate
buffer solution (pH = 6.5) for 120 min at 25 °C.



monohydrate (ATEE) and 1-propanol was con-
ducted in the presence of trypsin to obtain
N-acetyl-L-tyrosine propyl ester and ethanol.

In order to compare the catalytic capacity of
free and immobilized trypsin, transesterification re-
actions were catalyzed by 4.7 �mol of free and im-
mobilized trypsin. After a reaction time of approxi-
mately 244 h (Fig. 3), the results of both reactions
were similar, and conversion values in excess of
92 % were obtained using both forms of trypsin.
Thus, immobilized trypsin was confirmed to retain
its catalytic activity after being immobilized onto
silica gel. On the other hand, ethanol was not de-
tected in the reactions performed with no enzyme.

Variations in the catalytic activity and catalytic
efficiency of immobilized trypsin were monitored
over the course of the reaction by determining the
turnover frequency (TOF) and the turnover number
(TON), eqs. (1) and (2) respectively:

TOF
mol Product

mol Enzyme s
�

�

�

�
(1)

TON
mol Product

mol Enzyme
�

�

�
(2)

TON and TOF results they will be discussed
later.

The effect of immobilized trypsin concentration

Fig. 3 depicts the yield of ethanol over time
(ATEE = 10 mmol L–1) for different concentrations
of immobilized trypsin (4.7–61.4 �mol trypsin/g
silica gel). In all of the experiments, an ethanol

yield of approximately 100 % was obtained. The
rate of ethanol production was directly related to
the concentration of immobilized enzyme, wherein
a higher concentration of immobilized enzyme re-
sulted in shorter reaction times.

Table 2 presents a ratio of trypsin/silica gel
(�/%) at different concentrations of immobilized
trypsin (ATEE = 10 mmol L–1). At trypsin concen-
trations less than 15 �mol g–1, the trypsin/silica gel
ratio was less than 1, indicating that the silica gel
pores were partially occupied by trypsin; however,
at concentrations greater than 26 �mol g–1 of trypsin,
the trypsin/silica gel ratio was greater than 1, indi-
cating that the pores were fully occupied by trypsin.
At higher concentrations, trypsin may begin to de-
posit on the outer surface of the silica gel (in the
macropores). Thus, at immobilized enzyme concen-
trations in excess of 26 �mol g–1, the saturation of
silica gel resulted in a constant reaction time.

A comparison of the pore size distribution be-
fore and after immobilization revealed that the cu-
mulative specific volume of the pores was modified
by the adsorption of trypsin (Fig. 2). Considering
that trypsin is shaped like a sphere with a diameter
of 3.8 nm,21 the ratio between the volume of immo-
bilized trypsin to the cumulative specific volume of
pores with diameters of less than 200 nm at a con-

centration of 42.9 �mol of trypsin g–1 of support
was equal to 1.42 (Table 2). Thus, the enzyme oc-
cupied all of the interior pores and a portion of the
outer surface, which indicates that transesterifica-
tion reactions could be catalysed in part by en-
zymes located at the surface of the support. The lo-
calisation of trypsin within silica gel is important
for enzyme accessibility and stability.20
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F i g . 3 – Molar yields of ethanol at different concentrations
of immobilized trypsin as a function of time. (�) 4.7, (�) 7.3,
(�) 14.6, (*) 26.8, (�) 42.9, (�) 61.4 �mol trypsin immobi-
lized/g silica gel, and (�) 4.7 �mol free trypsin. Experimental
conditions: 10 mmol L–1 ATEE, � = 5 % phosphate buffer solu-
tion (pH = 6.5), 1-propanol, 25 °C.

T a b l e 2
– The reaction time and occupied volume of pores

at different concentrations of adsorbed trypsin

Concentration of
adsorbed trypsin

(�mol trypsin/g silica gel)

Trypsin/silica gel
volume ratio*

(�)

4.7 0.27

7.3 0.42

14.6 0.84

26.8 1.54

42.9 1.42

61.4 3.54

*In order to calculate the volume of trypsin, the molecule diameter was
assumed to be equal to 3.8 nm. Occupied pores in the support corre-
sponded to the specific volume of pores with diameters of less than
200 nm. Transesterification was considered to be complete when the
molar yield of ethanol was approximately 100 % ([�mol L–1 ethanol] ·
100/[�mol L–1 ATEE]). Transesterification conditions: [ATEE] =
10 mmol L–1, � = 5 % phosphate buffer solution (pH = 6.5), 25 °C.



The initial reaction rates, v0, were measured
during the initial-rate phase of that period of reac-
tion over which there is a constant change in prod-
uct concentration per unit time by linear regression
according to eq. (3),22

d

d

P

t
v cte� �0 (3)

where ‘P’ is the product formation and ‘t’ is the
time of reaction.

The variation of the initial reaction rate with
enzyme concentration is shown in Fig. 4. The bio-
catalysts show increased initial reaction rate with
increased enzyme loading (in the range studied).
Similar observation has been obtained by Jurado et
al.23 when they studied the hydrolysis of emulsified
tributyrin by Thermomyces lanuginosus lipase
(TLL).23

Catalytic activity (TOF) was plotted against the
immobilized trypsin concentration after 4 h of
transesterification as shown in Fig. 5. In general,
the TOF at low concentrations of immobilized
trypsin was high, indicating that access to immobi-
lized trypsin by ATEE was limited at high concen-
trations. As can be observed in Fig. 5, the TOF re-
mained constant at high concentrations of immobi-
lised trypsin (> 4.6 �mol trypsin/g silica gel), im-
plying that the reaction was limited by enzyme cat-
alyzed step. Therefore, the catalysis did depend on
the concentration of immobilized enzyme. Similar
results were observed by Kang et al.24 in the immo-
bilization of trypsin on soap-free poly[(methyl
methacrylate)-co-(ethyl acrylate)-co-(acrylic acid)]
‘P(MMA-EA-AA)’, latex particles. On the other

hand, after 4 h of transesterification, the yield of
ethanol linearly increased as a function of increas-
ing immobilized trypsin concentration (Fig. 5).

Effect of initial ATEE concentrations

Transesterification was evaluated at ATEE con-
centrations between 0.8 and 100 mmol L–1 and
at a constant immobilized trypsin concentration
[43 �mol trypsin/g silica gel, � = 5 % phosphate
buffer, pH = 6.5, 1-propanol at 25 °C], wherein the
TOF and the TON were determined throughout
each reaction.

Fig. 6 depicts the effect of substrate concentra-
tion on the TON. The results indicate that the TON
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F i g . 4 – Initial reaction rates of ATEE transesterification at
different concentrations of adsorbed trypsin on commercial
silica gel. Experimental conditions: 10 mmol L–1 of ATEE,
� = 5 % phosphate buffer solution (pH = 6.5), 25 °C.

F i g . 5 – ATEE transesterification at different concentra-
tions of adsorbed trypsin on commercial silica gel. (�) Turn-
over frequency = �mol product/(�mol enzyme · s) and (�) Mo-
lar ethanol yields after 4 h of transesterification. Experimental
conditions: 10 mmol L–1 of ATEE, � = 5 % phosphate buffer
solution (pH = 6.5), 25 °C.

F i g . 6 – Enzymatic efficiency (ATEE transesterification)
profiles of trypsin immobilized onto commercial silica gel.
Experimental conditions: [ATEE]initial = (�) 0.8, (�) 1, (�) 5,
(�) 10, (�) 40, (�) 100 mmol L–1, � = 5 % phosphate buffer
solution (pH = 6.5), 1-propanol, concentration of immobilized
trypsin = 42.9 �mol trypsin/g silica gel, 25 °C.



increased from 6 to 520 as the initial concentration of
the ATEE had increased from 0.8 to 100 mmol L–1,
respectively. In all the experiments, the time re-
quired to achieve the highest TON value was less
than 50 h, which confirmed that the concentration
of the trypsin that was adsorbed onto the silica gel
provided maximum yields and a full conversion
within 50 h.

A linear relationship was observed between the
ATEE concentration and the values of the TOF and
the TON after one hour of transesterification using
initial substrate concentrations that ranged from 0.8
to 100 mmol L–1.

The TOF varied from 8.1 · 10–4 to 0.04 s–1, which
is similar to the results obtained by Suzuki et al.25 at
30 min of N-�-benzoyl-DL-arginine-4-nitroanilide
(BAPNA) hydrolysis using trypsin-immobilised
carboxy-functionalised monodispersed mesoporous
silica spheres (MMSS) as a catalyst (20 °C, pH = 7.0).
Immobilized trypsin was able to produce 131 mole-
cules of ethanol per immobilized trypsin at an
ATEE concentration of 100 mmol L–1 in non-satu-
rated conditions. The TOF decreased to four mo-
lecules of ethanol at an ATEE concentration of
0.8 mmol L–1.

At the end of the experiments (after 50 h ap-
proximately), the TOF and the TON dramatically
increased when the initial ATEE concentration had
increased from 0.8 to 100 mmol L–1. The increases
in the TOF (from 9.3 · 10–5 to 6.8 · 10–3 s–1) and the
TON (from 8 to 520) as a function of increasing
ATEE concentration were due to the increased con-
tact between the immobilized enzyme and the sub-
strate, which increased the reaction rate. Moreover,
at the end of the experiments (as compared to one
hour of transesterification), linear relationships be-
tween the initial ATEE concentration and the TOF
and TON were observed.

For the kinetic parameters Km and Vmax determi-
nation, the initial reaction rates were plotted against
the initial ATEE concentration (Fig. 7). Experimen-
tal data were fitted to the Michaelis-Menten equa-
tion by nonlinear regression, as follows in eq. (4):

v
V

K0 �
�

max [ ]

[ ]

ATEE

ATEE

initial

m initial

(4)

which gave the maximum initial reaction rate,
Vmax = 0.364 mmol L–1 ethanol min–1, and the
Michaelis-Menten contant, Km = 64.8 mmol L–1

ATEEinitial. These values are of the same order of
magnitude as that reported by Purich,26 and Ding et
al.27 for trypsin using different substrates. The pa-
rameters of the goodness of fit were r2 = 0.999 and
SSE = 2.542 · 10–5.

Reusability and storage stability

After transesterification, immobilized trypsin
on commercial silica gel was separated by natural
settling for 30 minutes and washed twice with
1-propanol. As can be observed in Fig. 8, different
concentrations of purified trypsin were reused in
the transesterification of fresh ATEE. Specifically,
4.7 �mol trypsin/g support and 61.4 �mol trypsin/g
support were reacted with 10 mmol L–1 ATEE. The
results indicate that a trypsin concentration of
4.7 �mol trypsin/g provided (at 260 h of reaction
time) a mean value of 75 % yield of ethanol and the
standard deviation 2.47 in the first use, and a mean
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F i g . 7 – Initial reaction rates determined versus different
concentrations of ATEE, (�) experimental data, – Michae-
lis-Menten equation. Experimental conditions: [ATEE]initial =
0.8, 1, 5, 10, 40, 100 mmol L–1, � = 5 % phosphate buffer solu-
tion (pH = 6.5); 1-propanol, concentration of immobilized
trypsin = 42.9 �mol trypsin/g silica gel; 25 °C.

F i g . 8 – Reusability of adsorbed trypsin (4.7 and 61.4 �mol
trypsin/g silica gel) in the transesterification of ATEE. Experi-
mental conditions: [ATEE]initial = 10 mmol L–1, � = 5 % phos-
phate buffer solution (pH 6.5), 1-propanol, 25 °C, reaction
time = 260–300 h and 21–22 h for 4.7 and 61.4 �mol trypsin/g
silica gel, respectively.



value of 71 % yield of ethanol and the standard de-
viation 2.50 in the second use (at 300 h of reaction
time). However, in the third using (at 305 h of reac-
tion time) the mean value of ethanol yield was equal
to 61 % and the standard deviation 1.50. Alterna-
tively, at a trypsin concentration of 61.4 �mol g–1,
the mean yields of the first (at 21 h of reaction
time) and second uses (at 22 h of reaction time)
were 99.5 % (standard deviation 4.40) and 93 %
(standard deviation 1.50), respectively. Variations
in reaction performance at different concentrations
of immobilized trypsin were due to sample manipu-
lation and the loss of immobilized trypsin. A loss in
activity after repeated use is a common phenome-
non in enzyme catalyzed reactions.28 Moreover, im-
mobilized trypsin separated by centrifugation re-
mained active with a loss of 5 % of its activity after
storage for one month at 4 °C.

Conclusions

The results of this study confirm that trypsin
immobilized onto commercial silica gel is an effec-
tive catalyst in the transesterification of ATEE. A
comparison of free and immobilized trypsin con-
firmed that the adsorption of trypsin onto silica gel
did not alter the catalytic activity of the enzyme.
Furthermore, the results indicate that the optimal
concentration of immobilized trypsin is 43 �mol
trypsin/g silica gel (reaction time 21.2 h). Linear re-
lationships between the substrate concentration (ATEE)
and the TOF and TON were observed. The kinetic
parameters Km (64.8 mmol L–1 ATEEinitial) and Vmax

(0.364 mmol L–1 ethanol min–1) were determined.
The catalyst obtained by the immobilization of
trypsin onto commercial silica gel is reusable twice
and active after one month of storage at 4 °C.
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S y m b o l s a n d a b b r e v i a t i o n s

ATEE � N-acetyl-L-tyrosine ethyl ester

BAEE � Na-benzoyl-L-arginine ethyl ester solution

BAPNA� N-�-benzoyl-DL-arginine-4-nitroanilide

cte � constant value

Dv (d) � derivative of the pore volume with respect to
the pore diameter, cm3 nm–1 g–1

Km � Michaelis-Menten constant, mmol L–1 ATEEinitial

MMSS � monodispersed mesoporous silica spheres

P � product formation, mmol

P(MMA-EA-AA) � poly[(methyl methacrylate)-co-(ethyl
acrylate)-co-(acrylic acid)]

t � time reaction, h

TOF � turnover frequency, s–1

TON � turnover number

TLL � Thermomyces lanuginosus lipase

v0 � initial reaction rate, mmol L–1 ethanol min–1

Vmax � maximum initial reaction rate, mmol L–1 ethanol
min–1

� � volume fraction, %
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