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a b s t r a c t

The optimization of synthesis dipeptide derivative, N-Ac-Phe-Gly-NH2, catalyzed by immobilized

a-chymotrypsin (a-chymotrypsin immobilized on Fe3O4-chitosan; a-chymotrypsin-Fe3O4-CS) in a

stirred-tank bioreactor is evaluated by the experimental design. Three state-of-the-art green technol-

ogies (i.e., enzyme catalysis, immobilized enzyme, and magnetic bioreactor) are combined in this study.

Response surface methodology (RSM) with a 3-factor-3-level Box-Behnken design is employed

to evaluate the effects of the synthesis parameters, including reaction time (30–90 min), temperature

(25–45 1C) and pH (7–9). A model for the synthesis is developed and the optimum conditions are

predicted to be a reaction time of 92.3 min, a reaction temperature of 36.2 1C and pH 8.7. An

experiment is performed under these optimum conditions and a yield of 82.26% is obtained. After

the reaction, magnetically immobilized a-chymotrypsin is recovered by a magnetic field and used

repeatedly to synthesize dipeptide at the optimum conditions. A yield of around 82% of dipeptide is

obtained in the first 3 repeated batches and the yield over 70% is retained after ten batches. It is

expected that this approach has great potential in industry for the large-scale production of the

dipeptide derivative.

Crown Copyright & 2011 Published by Elsevier Ltd. All rights reserved.
1. Introduction

A dipeptide is synthesized from two amino acids, which
is joined by a single peptide bond. The dipeptide derivative,
N-Acetyl-phenylalanine-glycinamide (N-Ac-Phe-Gly-NH2), synthe-
sized from N-Ac-Phe-OEt and Gly-NH2, has affinity and transport
properties in vitro and can be used in the well-established Caco-2
(human peptide transporter, hPEPT1) and in the rat of SKPT
(simultaneous kidney-1 pancreatic transplantation) for cell assays
in medicine (Ganapathy et al., 1998; Våbenø et al., 2004; Brandsch
et al., 1995). Phe-Gly dipeptide-based prodrug can be also applied
to bioactive agents (Santos et al., 2009). The dipeptide derivative
is desperately needed for medical procedures and can be synthe-
sized by conventional chemical methods. Even though solid phase
chemical synthesis is the most mature technology for peptide
synthesis, it has several drawbacks, such as racemization and
the difficulties presented in recycling the coupling reagent and
toxic solvents, as well as the concomitant health and environ-
mental concerns (Guzmán et al., 2007). To avoid racemization and
to eliminate solvent residuals from the chemical processes, the
011 Published by Elsevier Ltd. All
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enzymatic method to synthesize peptide has become a more
appropriate choice (Hou et al., 2005).

Enzymatic peptide synthesis has been successfully applied in the
production of small peptides (Lombard et al., 2005). Generally, the
biocatalysts in a protease for peptide synthesis include: papain
(Narai-Kanayama et al., 2010), thermoase (Shen et al., 2005), trypsin
(Thust and Koksch, 2003), and a-chymotrypsin (Narai-Kanayama
et al., 2010; Salam et al., 2006; Mishima et al., 2003). In the a-
chymotrypsin case, the ester substrate N-Ac-Phe-OEt (acyl donor)
first combines with a-chymotrypsin to form acyl a-chymotrypsin
intermediate. The acyl a-chymotrypsin intermediate can then be
deacylated by the nucleophilic amine Gly-NH2 (nucleophile) to
provide the desired peptide (Scheme 1). Recently, magnetic nano-
particles for enzyme immobilization have been of increasing interest
due to their large specific surface area and easy separation from the
reaction mixture by the application of a magnetic field (Pan et al.,
2009; Greiner and Konietzny, 2009). If the enzyme is immobilized
on magnetic Fe3O4-CS nanoparticles, after the catalytic reaction, the
peptide and immobilized enzyme can be separated under a mag-
netic field, thereby decreasing production costs and benefit for
separation and purification of peptide product (Tong et al., 2001).
To simplify the process, enzymatic peptide synthesis requires a model
for the optimization of the most relevant operational parameters (e.g.
pH, temperature, time, etc). Compared with a one-factor-at-a-time
rights reserved.

www.elsevier.com/locate/bab
www.elsevier.com/locate/bab
dx.doi.org/10.1016/j.bcab.2011.08.002
mailto:cjshieh@nchu.edu.tw
dx.doi.org/10.1016/j.bcab.2011.08.002


Scheme 1. Diagram of immobilized a-chymotrypsin catalyzed synthesis of N-Ac-Phe-Gly-NH2.

Table 1
3-factor-3-level Box-Behnken design for dipeptide derivative synthesis catalyzed

by immobilized enzyme in the mixing reactor with a magnet.

Treatment

no.a
Factors Observed

yieldb (%) y1

Predicted

yieldc (%) y2

Time

(min) x1

Temperature

(deg.) x2

pH (–)

x3

1 �1(30)d
�1 (25) 0 (8.0) 36.2270.13 39.80

2 1 (90) �1 (25) 0 (8.0) 73.6070.92 72.73

3 �1 (30) 1 (45) 0 (8.0) 52.9971.46 53.87

4 1 (90) 1 (45) 0 (8.0) 78.0471.72 74.47

5 �1 (30) 0 (35) �1 (7.0) 34.1870.70 31.70

6 1 (90) 0 (35) �1 (7.0) 59.9871.11 61.95

7 �1 (30) 0 (35) 1 (9.0) 62.1670.54 60.19

8 1 (90) 0 (35) 1 (9.0) 80.9870.32 83.46

9 0 (60) �1 (25) �1 (7.0) 44.0970.36 42.99

10 0 (60) 1 (45) �1 (7.0) 46.7670.37 48.37

11 0 (60) �1 (25) 1 (9.0) 67.0671.26 65.46

12 0 (60) 1 (45) 1 (9.0) 74.8070.42 75.90

13 0 (60) 0 (35) 0 (8.0) 72.1770.23 72.36

14 0 (60) 0 (35) 0 (8.0) 73.8470.10 72.36

15 0 (60) 0 (35) 0 (8.0) 71.0670.64 72.36

a Treatments were run in a random order.
b Each run was performed twice, and the yield shown here was the average

(7SD) of duplicated experimentals.
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design, which has been the case most frequently in the literature,
response surface methodology (RSM) is more efficient in reducing the
number of experimental runs and the time required (Bhattacharya
et al., 2011; Farinas et al., 2010). In this study, we combine the three
state-of-the-art green technologies (i.e., enzyme catalysis, immobi-
lized enzyme, and magnetic bioreactor) and using RSM design to
optimize reaction conditions for developing an enzymatic dipeptide
synthesis process.

The present work has focused on the dipeptide derivative
(N-Ac-Phe-Gly-NH2) synthesis catalyzed by a-chymotrypsin-
Fe3O4-CS nanoparticles in a stirred-tank bioreactor with a mag-
netic field. A biphasic system was used because one of the
substrates (Gly-NH2) dissolved in a hydrophilic solvent and the
other (N-Ac-Phe-OEt) in a hydrophobic solvent. The goals of this
study were to establish a scale-up enzymatic dipeptide synthesis
process and to optimize the reaction conditions. RSM was
employed to determine the relationships between the condition
factors (reaction time, reaction temperature, and pH) and the
response results (yield of the dipeptide derivative), as well as to
search for the optimal conditions for dipeptide derivative synth-
esis. Finally, the reusability of the immobilized a-chymotrypsin
for synthesis of N-Ac-Phe-Gly-NH2 was studied under the operat-
ing conditions.
c The value shown here was the predicted yield obtained from the regression

equation.
d Numbers in parentheses represent actual experimental values.
2. Material and methods

2.1. Materials

a-Chymotrypsin (from bovine pancreas type II, EC 3.4.21.1,
40–60 U/mg), N-acetyl-phenylalanine ethyl ester (N-Ac-Phe-OEt),
glycinamide hydrochloride (Gly-NH2 �HCl), 1–3-dimethyl-amino-
propyl-3-ethyl-carbodiimide hydrochloride (EDC �HCl), N-hydro-
xysuccinimide (NHS), acetonitrile, ethyl acetate, trifluoroacetic
acid (TFA), and Tris hydrochloric acid (Tris–HCl) were purchased
from Sigma-Aldrich (St. Louis, MO). Potassium dihydrogen phos-
phate (KH2PO4), and sodium hydroxide (NaOH) were purchased
from Katayama Co. (Tokyo, Japan). Fe3O4-CS nanoparticles (aver-
age size 300720 nm) was prepared by spray-drying and kindly
provided by Huang et al. (2010).

2.2. Enzyme immobilized

Briefly, the a-chymotrypsin was first activated by EDC and NHS.
The activated a-chymotrypsin was then covalently immobilized on
Fe3O4-CS nanoparticles. Two mg of a-chymotrypsin was added to
4 mL of 50 mM, pH 7.4 KH2PO4 buffer solution (containing 2 mg of
EDC) and the solution was incubated at room temperature for 2 h
with shaking (100 rpm). Then, 3 mg of NHS was added to the above
solution and incubated for another 2 h. The activated a-chymotryp-
sin solution was mixed with 0.2 g of swelling Fe3O4-CS nanoparticles
for covalent immobilization at 21.7 1C, for 2 h, at pH 7.6 and
100 rpm. After that, magnetic nanoparticles were collected by the
magnet and washed with de-ionized water (ddH2O) to remove free
a-chymotrypsin until the enzyme activity in the supernatant was
no longer detected. The activity of immobilized a-chymotrypsin
was 346.76746.51 U/g-support. The enzyme activity recovery after
immobilization was approximately 69%. It was calculated by immo-
bilized enzyme unit per initial free enzyme unit. One unit (U) of
enzyme activity was defined as the amount of enzyme required to
hydrolyze 1.0 mmole of N-benzoyl-tyrosine ethyl ester per minute at
room temperature and pH 8.0.

2.3. Dipeptide derivative synthesis

The synthesis was performed in a biphasic system containing
80 mM Tris–HCl buffer and ethyl acetate (96:4 v/v). Two sub-
strates: N-Ac-Phe-OEt (acyl donor) and Gly-NH2 �HCl (nucleo-
phile), at a molar ratio of 1:1.5, were placed in 20 ml of biphasic
buffer in the 100 mL stirred-tank reactor. 0.2 g of the a-chymo-
trypsin-Fe3O4-CS nanoparticles was added to catalyze the enzy-
matic peptide synthesis. The reaction was carried out at a speed
of 150 rpm and a predetermined temperature (see Table 1). After
a predetermined reaction time (Table 1), the immobilized enzyme
was recovered by the magnet to separate the enzyme from the
reaction solution. Twenty mL of the reaction mixture was injected
into a high-performance liquid chromatography (HPLC) for com-
position analysis.

2.4. Analysis

The product N-Ac-Phe-Gly-NH2 was analyzed by HPLC (Gilson
322 pump, Middleton, WI, USA) equipped with an UV detector
and a Spherisorbs ODS-2 column (length, 250 mm; i.d., 4.6 mm;
film thickness, 5 mm; Restek, Bellefonte, PA). The elution solvents
used here included 0.1% TFA of water and acetonitrile. The flow
rate was set at 1.0 mL/min, and the oven temperature was
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maintained at 40 1C. Gradient elution was performed as follows:
acetonitrile was set at 30% for the first 7 min, gradually increased
to 35% between 7 and 9 min, and then held at 35% for the last
6 min. The UV detector was set at a wavelength of 254 nm. Since
the aromatic amino acid N-Ac-Phe-OEt was the limit reactant, the
yield of dipeptide derivative could be calculated as follows:

Yieldð%Þ ¼ ðinitial Phe2residual PheÞ=initial Phe

where the concentration of Phe was in molality.

2.5. Experimental design and statistical analysis

A three-factor-three-level Box-Behnken experimental design
consisting of 15 treatments was employed in this study. All
treatments were implemented in a completely random order.
The manipulated (independent) variables and their respective
levels selected for N-Ac-Phe-Gly-NH2 synthesis included reaction
time (30–90 min), temperature (25–45 1C), and pH level (7.0–9.0).
All of the experiments were conducted in a biphasic system (Tris
buffer: ethyl acetate¼96:4; v/v) and incubated in a stirred-tank
reactor at a rotational speed of 150 rpm. The experimental results
were analyzed by a response surface regression (RSREG) procedure
with SAS software to fit the following second-order polynomial
equation SAS (1990):

Y ¼ b0þ
X3

i ¼ 1

bixiþ
X3

i ¼ 1

biix
2
i þ

X2

i ¼ 1

X3

j ¼ iþ1

bijxixj

¼ boþðb1x1þb2x2þb3x3Þþðb11x2
1þb22x2

2þb33x2
3Þ

þðb12x1x2þb13x1x3þb23x2x3Þ ð1Þ

where Y is the response (yield of N-Ac-Phe-Gly-NH2); b0, bi, bii, and
bij are constant coefficients; and x is the actual (uncoded) value of
the independent variable. The subscripts 1, 2, and 3 are the reaction
time, temperature, and pH (i.e., x1, reaction time; x2, temperature;
and x3, pH), respectively. The ridge-max option was employed to
compute the estimated ridge of the maximum response for increas-
ing the radius from the center of the original design.

2.6. Repeated enzyme use for synthesis in a stirred-tank bioreactor

The reaction conditions were controlled at a reaction time of
30 min, temperature of 35 1C, with a pH value of 8.98, and then
stirred at 150 rpm. After the reaction, the immobilized enzyme
was recovered by magnet and the product N-Ac-Phe-Gly-NH2 was
determined by HPLC. The immobilized enzyme was reused for 10
batches to evaluate its reusability in the stirred-tank reactor.
Table 2
Analysis of variance (ANOVA) for synthesis variables pertaining to response yield

of dipeptide derivative.

Source Degree of

freedom

Sum of

squares

F value Prob.4Fa

Linear 3 2807.19 79.76 o0.001

Quadratic 3 421.35 11.97 0.010

Cross-product 3 56.61 1.61 0.299

Total model 9 3285.15 31.11 o0.001

Lack of fit 3 54.74 9.32 0.099

Pure error 2 3.92

Total error 5 58.66

R2 0.983

a (Prob.4F)¼ level of significance.
3. Results and discussion

3.1. Effect of reaction time

Before devising a complete design for the experiments, a
preliminary study was conducted to explore the effects of the
reaction time, temperature and pH on the yield of N-Ac-Phe-Gly-
NH2. The a-chymotrypsin-Fe3O4-CS nanoparticles catalyzed synth-
esis of N-Ac-Phe-Gly-NH2 was carried out at 35 1C and pH 9.0 in a
stirred-tank reactor at a speed of 150 rpm. Experimental results
showed that the yield increased rapidly, up to 80% for 60 min (data
not shown). Serralheiro et al. (1999) used immobilized a-chymo-
trypsin to catalyze N-Ac-Phe-Leu-NH2 synthesis in a ceramic mem-
brane reactor, and the yield reached 74% for 60 min. Xing et al.
(2007) used a-chymotrypsin to catalyze Z-Tyr-Gly-Gly-OEt synth-
esis in MOEMIM � PF6 ionic liquid, and the yield reached 68–75%.
Murakami et al. (2000) used thermoase to catalyze F-Asp-Phe-OMe
synthesis in an aqueous/tributylphosphate (90:10, v/v) biphasic
medium, and the yield reached 95%. Salam et al. (2005, 2006 used
a-chymotrypsin to catalyze N-CBZ-Phe-Phe-NH2 synthesis in a
phosphate buffer/DMSO (96:4, v/v) mixture solution, and the yield
reached 84% for 30 min. Compared to their study, the yield of N-Ac-
Phe-Gly-NH2 obtained here was satisfactory, with the same reaction
time when using a stirred-tank reactor.

3.2. Model fitting

The major objective of this study was to develop a statistical
model for a better understanding of the relationship between the
response (yield of N-Ac-Phe-Gly-NH2) and the manipulated vari-
ables for dipeptide synthesis in the stirred-tank reactor. The experi-
mental conditions and the response values from the Box-Behnken
design are listed in Table 1. The model for the dipeptide derivative
yield (Y) was obtained from the SAS output of RSREG, and written as
a second-order polynomial equation of the independent variables as

Y ¼�667:78þ2:0041x1þ4:6498x2þ132:09x3�0:0061x1x1

�0:0665x2x227:5333x3x3

�0:0103x1x2�0:0582x1x3þ0:1268x2x3 ð2Þ

The predicted values (calculated from the above equation) of the
yield (%) from the model was a good fit with those obtained from
the experiments, as shown in Table 2. The analysis of variance
(ANOVA), summarized in Table 2, revealed that this second-order
polynomial model, having a very small P value (o0.001) and a high
coefficient of determination (R2

¼0.983), was highly significant
and adequately represented the actual relationship between the
response (yield) and the independent variables. The overall effect of
the three manipulated variables on the yield was analyzed by a joint
test. The results (given in Table 3) indicated that the reaction time
(x1) and the pH (x3) were the more important factors, both having
exerted a statistically significant overall effect (Po0.01) on the
yield.

3.3. Attaining the optimal synthesized condition

The response surface plots Fig. 1A, B, and C shows the effects of
the reaction time and the temperature on the yield at pH 7.0, 8.0,
and 9.0, respectively. The yield increase at a reaction temperature
of 25–45 1C was about 15%, as shown in Fig. 1C (under a condition
of pH 9.0 and reaction time of 30 min). In contrast, the yield
increased by about 30% due to the change in the reaction time
from 30 to 90 min (under a condition of pH 9.0 and 25 1C). These
results indicated that the reaction temperature had a less sig-
nificant effect on the yield. The yield also increased by about 30%
due to the change of pH from 7 (Fig. 1A) to 9 (Fig. 1C) (under a
condition of 25 1C and reaction time of 30 min). The results
indicated that the reaction time and pH demonstrated significant
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effects on the yield, which rapidly increased until the reaction
time and pH increased to 90 min and 9.0, respectively. Moreover,
as the graph in Fig. 1C shows, a maximum yield of the dipeptide
derivative was observed at the operating conditions of pH 9.0,
temperature 35 1C, and reaction time of 90 min.

3.4. Model verification

The validity of the predicted model was examined by repeating
the experiments at the suggested optimum synthesis conditions, as
Table 3
Analysis of dipeptide derivative for joint test.

Factor Degree of

freedom

Sum of

squares

Mean

square

Prob.4Fa

Time (x1) 4 1594.27 398.57 o0.001

Temperature

(x2)

4 332.49 83.12 0.027

pH value (x3) 4 1477.90 369.47 0.001

a (Prob.4F)¼ level of significance.

Fig. 1. Response surface plots to show the effects of reaction temperature and incubat
shown in Table 4. The predicted yield was 84.22%, obtained by ridge
max analysis, and the actual experimental yield was 82.2670.39% at
the optimum conditions (reaction time, 92.3 min; temperature,
36.2 1C; and pH, 8.7). In contrast to our previous study using the
free a-chymotrypsin catalyzed system (Ju et al., 2009), the yield was
95% at the optimum conditions of pH 8.9, temperature 35.8 1C,
enzyme activity 159.2 U, and reaction time of 30.9 min. The
optimum conditions of pH and temperature for free and immobilized
enzyme were almost the same. However, the less amount of enzyme
(69 U) used in this study increases the reaction time and decreases
the dipeptide yield.
3.5. Repeated enzyme use for synthesis in stirred-tank bioreactor

The immobilized enzyme was repeatedly used to catalyze the
synthesis at 36.2 1C, pH 8.7, and 92.3 min in the stirred-tank
bioreactor at a speed of 150 rpm, and the immobilized a-chymo-
trypsin catalyzed dipeptide synthesis ability after reuse was
investigated. The yield of dipeptide after repeated use of the
immobilized a-chymotrypsin in different batches was as shown
in Fig. 2. The immobilized a-chymotrypsin operated at optimum
ion time on the N-Ac-Phe-Gly-NH2 yield at (A) pH 7.0, (B) pH 8.0, and (C) pH 9.0.



Table 4
Estimated ridge of maximum response for the yield of dipeptide

derivative.

Coded

radius

Estimated

response (%)

Actual (un-coded) factor values

Time x1

(min)

Temperature

x2 (deg.)

pH x3

(–)

0.0 72.36 60.0 35.0 8.0

0.1 74.15 62.2 35.2 8.1

0.3 77.30 66.6 35.6 8.2

0.5 79.84 71.2 35.9 8.3

0.7 81.80 76.1 36.1 8.4

0.9 83.17 81.2 36.3 8.5

1.1 83.97 86.6 36.3 8.6

1.3 84.22 92.3 36.2 8.7

1.5 83.94 98.3 35.9 8.8
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Fig. 2. Reusability of the immobilized enzyme (a-chymotrypsin-Fe3O4-C nano-

particles) to catalyze N-Ac-Phe-Gly-NH2 synthesis under operating conditions of

35 1C, pH 8.98, and 30 min in the stirred-tank bioreactor at a speed of 150 rpm.
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conditions still had an 82% yield of dipeptide after 3 repeated
batches. After 3 cycles, the average yield of dipeptide was around
70% for 4–10 repeated batches. Probably, the slight decrease in
enzyme activity was caused by the denaturation and/or leakage of
a-chymotrypsin from the supports upon repeated use. Obviously,
the dipeptide syntheses in stirred-tank bioreactors catalyzed by
immobilized a-chymotrypsin exhibited excellent productivity.
Furthermore, the immobilized a-chymotrypsin could be easily
recovered by a magnetic field, and so the operation costs in
practical applications would be significantly reduced.
4. Conclusions

In this study, the enzymatic dipeptide N-Ac-Phe-Gly-NH2,
catalyzed by a-chymotrypsin-Fe3O4-CS nanoparticles, was devel-
oped in a stirred-tank bioreactor. The reaction time and pH
significantly affected the yield of N-Ac-Phe-Gly-NH2. The optimal
synthesized conditions obtained were a reaction temperature of
36.2 1C, pH of 8.7, and reaction time of 92.3 min. Under these
conditions, the predicted and experimental yields were 84.22%
and 82.26%70.39%, respectively. It was demonstrated that the
a-chymotrypsin-Fe3O4-CS nanoparticles could be used to synthe-
size dipeptide. After 10 recycled batches, an average yield of
around 70% was obtained. Therefore, a green dipeptide synthesis
process was successful developed. The magnetically immobilized
enzyme could have potential applications in industry for the
large-scale production of the dipeptide derivative.
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