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Response surface methodology was successfully applied to optimize lipase-catalyzed regioselective
esterification of pyridoxine (PN). Effects of various reaction conditions, including reaction temperature,
time, enzyme loading, substrate molar ratio, and water activity, were investigated. A central composite
design was employed to search for the optimal conversion of PN. A quadratic polynomial regression
model was used for analysis of the experimental data at a 95% level (p < 0.05). The analysis confirmed
that the water activity was the most significant factor affecting the conversion of PN. It was also
suggested that the conversion was strongly affected by independent variables of temperature, time,
substrate molar ratio, and water activity as well as interaction terms of temperature and enzyme
loading/substrate molar ratio/water activity, time and enzyme loading/substrate molar ratio, substrate
molar ratio, and water activity. The coefficient of determination of the model was found to be 0.963.
Three sets of optimum reaction conditions were established, and the verified experimental trials were
performed for validating the optimum points. A scale-up experiment was also done under the first set
of optimal conditions.
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INTRODUCTION for the optimization of the target valuell, 12). Response

Pyridoxine (PN) is one of the three members (PN, pyridoxal, Surface methodology (RSM) is a collection of mathematical and
and pyridoxamine) of the vitamin &group (1), and it is the statistical techniques useful for designing experiments, building
most important form of commercial vitamingBAs depicted =~ Models, and analyzing the effects of several independent
elsewhere, PN and its ester derivatives have broad applicationsvariables (factors) (1113). The main advantage of RSM is the
in the food industry (23), cosmetics (4), and medical supplies reduced number of experimental trials needed to evaluate
(5). Unfortunately, the PN molecule has three hydroxyl groups multiple factors and their interactions. Also, study of the
and leads to a high solubility in water, which brings about a individual and interactive effects of these factors will be helpful
great deal of mass loss when it is used. To increase the lipidin efforts to find the target value. Hence, RSM provides an
solubility of PN, which would be expected to increase their skin effective tool for investigating the aspects affecting desired
and cellular absorption, esterification methodology provides an response if there are many factors and interactions in the
excellent route to obtain a more apolar derivative (The esteri- experiment. To determine a suitable polynomial equation for
fication of PN has cut down the amount of hydroxyl groups describing the response surface, RSM can be employed to
and led to a decreasing solubility in water, which brings about optimize the process.
the decrease of the water-soluble mass loss of PN when it is  The previous work1) showed that the results were of general
used.) (6). Also, there is a growing demand for regioselective interest for developing industrial processes for the preparation
esterification of PN that could provide precursors to synthesize of 5.AcPN. The present work focuses on optimization of the
other vitamin B derivatives (6—10). Recently, 5-AcPN (5- conversion of PN and also a decrease of the consumption of
acetylpyridoxine) has been obtained through lipase-catalyzedoyozym 435 and vinyl acetate. Central composite experimental
este_r|f|cat|on of PN in our Ia_borator;&l. As demonstrated iN" design (CCD){4), which is a 2 factorial design with star points
previous work {), the conversion of PN was effected by reaction ,nq center points, was used to fit an empirical, full second-
conditions such as temperature, time, enzyme loading, substrate) jqr polynomial model. Five factors, including reaction tem-

molar ratio, and water activity. perature, reaction time, enzyme loading, substrate molar ratio,

fAI Stat_'St'Cal _optwlmzailr(])n dmeth(;)d overc?mgs the |Im|t?t||0tnsl and water activity, were selected as independent variables while
ot classic empirical methods and proves to be a powerui tool y,e conyersion of PN was the dependent variable. During

*To whom correspondence should be addressed. Teig6 searching for optimal conditions for the response value by RSM,
22 27401674. Fax:+86 22 27406590. E-mail: ysun@tju.edu.cn. a small number of trials were performed to design an experiment
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and to evaluate the interactions of these factors. The interactionsrapie 1. Coded Levels for Independent Factors Used in the
between factors influencing the esterification of PN were Experimental Design
established, and the model describing the effect of the factors

was also assessed. coded levels
factors symbol -2 -1 0 1 2
MATERIALS AND METHODS reaction temperature (°C)  x; 25 30 35 40 45
reaction time (h) X 1 15 2 25 3

Materials. PN was _purcha_s_ed from Sigrr_\a Ch_emical Co. (St. Louis, enzyme loading (mg/mL) Y 83 10 117 133 15
MO). Novozym 435 (immobilized on acrylic resin, 7400 PLU/g) was ., 1o ratio (acyl:PN) X 1 2 3 4 5
from Novo Industrie (Bagsvaerd, Denmark). Acetonitrile was of ater activity (a) X5 005 010 015 020 025
chromatographic grade and was obtained from Merck & Co. (Darmstadt,
Germany). 5-AcPN (>99%) and 4,5-di-AcPN (>99%) standards were
purchased from Sigma Chemical Co., while all other reagents were variables with five levels (Table 1). The studied factors were as

purchased from local sources. follows: water activity (@), reaction temperature [{°C)], reaction
Enzymatic Reactions.All enzymatic reactions were carried out in  time [t (h)], substrate molar ratio (acyl:PN), and enzyme loading (mg
a temperature-controlled incubator shaker at 210 r/min (3'6 $he mL~1). A CCD was employed to design the experiments. According

procedure for the enzymatic esterification of PN in acetonitrile was to statistic theory, a CCD design of five factors consisted of 32

described as a representative (1). Reactions were performed by addingxperiments, including 15 factorial points (cubic point) and 11 axial

Novozym 435 lipase (35 mg) and acyl donor (0.18 mmol) to a solution points (star point) as well as six replicates at the center point. Six

of the PN (10.2 mg, 0.06 mmol) in acetonitrile (3 mL) and shaking the replications (treatments 262) at the center of the design were used

reaction mixtures at 38C during the times indicated in the text.  to estimate the pure error. For each factor, the experimental range and

Samples of the biotransformation were withdrawn at different times, the central point were based on the results of preliminary trigls (

then diluted with deionized water, and analyzed by high-performance  The software of Design-Expert 6.0 (Stat-Ease, United States) was

liquid chromatography (HPLC). used for designing and regressing the experimental data. The coded
HPLC Analysis. PN transformational resultants were analyzed using values of these factors were obtained according to the following

an HPLC [Agilent (Waldbronn, Germany) 1100 (quaternary pump, equation:

degasser)] equipped with an UV detector. HPLC analysis was conducted

by employing a C-18 column [Zorbax 300SB-C18 4.6 mm id150 Xi—Xo

mm (5um), Agilent Technologies, Palo Alto, CA] with detection at X = AX @)

292 nm. The mobile phases were solution A (water containing 0.1% '

acetic acid) and solution B (acetonitrile containing 1% acetic acid) in \yherex is the coded value of the factoX; is the real value of the

all cases ga 1 mL mir* flow of A/B gradient (0% B at 0 min, linear 101 X, is the real value of the factor at the center point, &l is
gradient to 100% at 7 min, maintained for 1 min, and finally to 0% at o step change value of the factor.

9 min). The percentages of several resultants were computed from the e jngependent variables (factors) and their levels, real values as

respective peak areas. well as coded values, are presentedable 1. The conversion of PN

The conversion of the reaction was quantified in terms of the mole (Y) was the response of the experimental design. Because of the
percentage transesterification, that is, the ratio of PN consumed to the, 4iiation of Rs (regioselectivity) being so tiny with the change of

total amount of PN before reaction. In addition, the regioselectivity aaction condition in the experimental rang® Rs would not be taken

(Rs) is defined as: as the response.
M The model equation was used to predict the optimum value and
Rs=— x 100% subsequently to elucidate the interaction between the factors. The
2 quadratic equation model for predicting the optimal point was expressed

according to eq 2 (19):

whereM; is the mole percentage of 5-AcPN formed a¥id is the
mole percentage of PN consumed. S 5 4 5

Setting Initial a, in Closed SystemBecause of the distribution of Y=8+ S Bx+ B x>+ Z Z Bij % % 2
water in the organic reaction system (e.g., bound to the enzyme or i= i= =T =1
dissolved in the organic solvent), the thermodynamic water activity ) o )
(a) is a better parameter than the water content to determine the amountVhere o, i, fii, andf; are regression coefficientg(is a constant
of water associated with the enzyme and thereby to truly correlate with M. /i is a linear effect termp; is a squared effect term, afiglis an
the enzyme catalytic activityl, 16). Among the available methods interaction effect term) andl is the predicted response value.
for controlling ay, the simple and convenient way is preequilibration
of the reaction components in the presence of saturated salt solutionsRESULTS AND DISCUSSION

and the method is particularly suitable for the reaction, which doesn’t Effect of Reaction Time. Figure 1shows the time course
generate water. -9

Theay, values of the acetonitrile, enzyme, and substrate were adjustedfor }he regioselective esterlflcatlon_ of PN by _Novozym 435 at
before starting the reaction by the following method: acetonitrile, PN, 39 °C. The percent molar conversion of PN increased to 70%
and Novozym 435 lipase were incubated in a chamber containing a at 2 h; therefore, the range of reaction time frono13th was
desired saturated salt solutidti, and the system was allowed to reach  chosen in this study. The selection of reaction time range needs
equilibrium for 4 days at 20C for a desired,. Molecular sieves were  to be extremely precise in the study of CCD, otherwise, the
used to generate the nearly anhydrous conditen = 0.05). The optimal condition of synthesis cannot be found inside the
following salts were used in this work: LiCl, KAc, Mg&ICuCh, and experimental region through the analyses of statistics and
NaCl. The water activity ) of the preequilibrated system was  contour plots. Also, as shown iRigure 1, the Rs exceeded
meaSL_Jred with an Aqualab Water Activity Meter (Decagon Devices, 90% and kept stable in the total time range.

We}shhmgton,_ DC) at the set temperature. . RSM Experiments and Fitting the Models. The results at

e reactions were initiated by mixing the preequilibrated phases . . .
and Novozym 435 lipase in closed 10 mL centrifuge tube. The resultant each point based on experimental d95|gn are shovirabie
mixture was assayed by HPLC in regular time. 2. The coded values of each factor in brackets correspond to

Experimenta| Des|gnRSM was emp|0yed to ana|yze the Operating the I‘ea| Value Of the faCtOI' |eVe|S FOI’ eaCh faCtOI’, a COnVenthnaI
conditions of PN acylation to obtain a high percent conversion. The level was set to zero as a coded level. The quadratic model (eq
experimental design was carried out by five chosen independent proces®) was chosen to fit the experimental data in this work. In
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Table 2. Experimental Design and Results of the CCD Design

2

Reaction time (h)
Figure 1. Time course of the regioselective esterification of PN in
acetonitrile. Conditions: T, 35 °C; a,, 0.16; acyl (vinyl acetate)/PN, 3:1;
and enzyme, 5 mg/mL.
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1 65
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variable level
enzyme response
trial T(°C) (mg/mL) aw Y (%)
1 30(-1) 15(-1) 100(-1) 0.20 (1) 51.75
2 40( 15(-1) 10.0(-1) 0.10 (-1 98.74
3 30(1 25 10.0 (-1) 0.10(-1 97.62
4 40(1) 25 10.0 (-1) 0.20 (1) 49.47
5 30(-1) 15(-1) 133(1) 0.10 (1) 97.29
6 40( 15(-1) 133(1) 0.20 (1) 56.82
7 30(-1) 25 13.3(1) 0.20 (1) 52.48
8 40(1) 25 13.3(1) 0.10 (-1 98.97
9 30(-1) 15(-1) 100(-) 0.10 (-1 97.13
10 40(1) 15(-1) 10.0(-1) 0.20 (1) 71.28
11 30(-1) 25 10.0 (-1) 0.20 (2) 67.36
12 40(1) 25 10.0 (-1) 0.10(-1) 99.45
13 30(-1) 15(-1) 133(Y 0.20 (1) 59.37
14 40(1) 15(-1) 133(1) 0.10 (-1) 98.98
15 30(-1) 25 13.3(1) 0.10 (-1) 98.96
16 40(1) 25 13.3(1) 0.20 (1) 95.63
17 25(=2) 20 11.7 (0) 0.15(0) 95.08
18 45(2) 2.0 11.7 (0) 0.15 (0) 99.01
19  35(0) 10(=2) 11.7(0) 0.15(0) 88.94
20 35(0) 3.0 11.7 (0) 0.15(0) 99.30
21 35(0) 2.0 8.3(-2) 0.15 (0) 97.12
22 35(0) 2.0 15.0(2) 0.15(0) 99.15
23 35(0) 2.0 11.7 (0) 0.15(0) 75.98
24 35(0) 2.0 11.7 (0) 0.15(0) 98.37
25  35(0) 2.0 11.7 (0) 0.05 (-2) 98.04
26 35(0) 2.0 11.7 (0) 0.25(2) 17.15
27 35(0) 2.0 11.7 (0) 0.15(0) 98.51
28 35(0) 2.0 11.7 (0) 0.15(0) 92.41
29  35(0) 2.0 11.7 (0) 0.15(0) 96.87
30  35(0) 2.0 11.7 (0) 0.15(0) 98.83
31 35(0) 2.0 11.7 (0) 0.15(0) 94.49
32 35(0) 2.0 11.7 (0) 0.15 (0) 99.25

addition, thea-level at which every term in the selected model
should be significant was set as 0.05.

The effects of factors as well as their interactions could be
discussed from the Pareto chart illustratedFgure 2. The

Zhang et al.

Figure 2. Pareto chart of standardized effects. Positive effects are in
pink, and negative effects are in red. The perpendicular line indicates the
confidence level of 95%, and factors with standardized effect values to
the right of this line are statistically significant.

was greatly affected by, Xo, x4, andxs. Likewise, significant
interactions were found between temperature and enzyme
loading §xs) (p < 0.05), temperature and substrate molar ratio
(xaXa), temperature and water activityks), time and enzyme
loading &xs), time and substrate molar ratiXs), and substrate
molar ratio and water activity gxs). At the same time, the
analysis also confirmed that water activitys) is the most
significant factor affecting the conversion of PI8)( The
regression coefficient of water activity was negative, which
suggested that a low level of water activity of the reaction system
would benefit the conversion of PN. On the other hand, the
effects of the terms would be contrary if the coefficients were
positive. According to the statistical method, the data were fitted
to the response surface model to effectively evaluate the true
relationship between the conversion of PN and these factors. A
guadratic regression model was obtained by using coded values
from the estimation of data:

conversion%-= 95.50+ 2.30x + 2.05% + 5.41x, —

18.53% — 2.89%° — 10.29%° + 2.33%%, + 2.35%X, +
2.32%X%5 T 2.41%X; + 2.54%X%, + 5.08%X%5

wherex; is the coded value of each factor.

Analysis of Variance (ANOVA) and Adequacy Test of the
Model. For the model fitted, software generated model coef-
ficients, F values ang values (prob> F, which indicates the
insignificant probabilities); hence, one could justify the signifi-
cance of each experimental variable. The corresponding variable

length of each bar was proportional to the absolute value of its would be more significant if the absolutevalue became larger
associated regression coefficient or estimated effect. The orderand thep value became smallet ). As can be seen froiirable
in which the bars were displayed corresponded to the order of 3, the regression quadratic model was highly significgnt(
the size of the effect. The chart included a vertical line that 0.0001) and the lack of fit was insignificari & 0.05), which

corresponded to the 95% limit, indicating statistical significance.
A factor was, therefore, significant if its corresponding bar
crossed this vertical line. As indicated Figure 2, several
different conclusions could be obtained as follows: (i) Inde-
pendent variable enzyme loading)pa quadratic terms of;?,
x2%, and xg? and the interaction terms ofixz, XoXs, XsX4, and
XaXs, did not produce a significant effect on the conversion of
PN within the designed intervals. (ii) The conversion of PN

indicated that the model was adequate to explain most of the
variability for the conversion of PN. Nevertheless, a fitted
response surface might give poor or misleading results if the
model does not exhibit an adequate fi9}, which made the
checking of model adequacy essentigdlfle 4). The low value

of CV gave better reproducibility for the experimental point
(20), and the CV for the conversion of PN proved to be within
the acceptable range as givenTiable 4. The large value of
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Table 3. Analysis of Variance (ANOVA) for the Quadratic Model for
the Conversion of PN

source sumofsquare  DF  meansquare  Fvalue  prob>F 100
model 13385.20 13 1029.63 6315  <0.0001 5
residual 293.49 18 16.31 4 98
lack of fit 255.87 13 19.68 2.62 0.1479 S 94
pure error 37.63 5 7.53 5 g2
total 13678.69 31 z
S
Table 4. Statistical Analysis for the Conversion of PN 133
standard deviation 4.04 R-squared 0.979
mean 85.62 adjusted R-squared 0.963 E il
cv 472 predicted R-squared 0.896 nzyme (mg/m L)g g
PRESS 1420.03 Adeq precision 32.75 100 300

Figure 4. Response surface plots for the effects of reaction temperature
and enzyme loading. Conditions: t, 2 h; acyl/PN, 3; and a,, 0.15.
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Figure 3. Response surface plots for the effects of substrate molar ratio #1G35)
and water activity. Conditions: T, 35 °C; t, 2 h; and enzyme, 11.7 mg/

mL.

2.0 "30.0
Figure 5. Response surface plots for the effects of reaction temperature

and substrate molar ratio. Conditions: t, 2 h; enzyme, 11.7 mg/mL; and

ay, 0.15.
“adj R-squared” (0.963) indicated that the model could explain

96.3% of the total variation in the response. “Adeq precision”  Figure 4 depicted response surface of the effects of the two
measured the signal-to-noise ratio, where a value greater tharfactors, namely, reaction temperature and enzyme loading. It
4 was desirable. Consequently, this model could be used towas evident that the interaction between reaction temperature
navigate the design space. and enzyme loading was significant. As presenteligure 4,
Analysis of Response SurfacesThe three-dimensional the conversion of PN grew fairly as the amount of lipase
surfaces plots were drawn to illustrate the main first-order effects increased. It must be pointed out that at low temperature
and interactive effects of the independent variables (factors) on (<32 °C), slight conversion decline with the increase of enzyme
the dependent variable (respondeigure 3 showed the effect  loading has been observed, which could be attributed to the
of water activity and substrate molar ratio on the reaction. From fact that there was great resistance of mass transfer with high
the analysis of the response surface plots, water activity enzyme loading when the temperature was low. Therefore, lipase
performed a significant influence on the response surface. Asshould not be loaded too much to prevent diffused resistance.
demonstrated elsewherd5, 21, 22), the amount of water The effect of substrate molar ratio could be in two ways. On
presented in the reaction systems was one of the most importanbne hand, the increase of vinyl acetate amount would raise the
factors, not only because of its influence on the lipase activity reaction rate of transesterification and repress hydrolysis. On
but also because of its influence on the hydrolysis of PN ester. the other hand, it could also increase the theoretical reaction
Especially, acetonitrile possessed strong polarity and wasequilibrium value ). Figure 5 denoted the effects of reaction
capable of competing with lipase for its essential water temperature and substrate molar ratio on the response. The
effectively. InFigure 3, the high water activity of the organic  substrate molar ratio played an important role in the process of
solvent had a negative effect on the response value. That is toreaction as was evident from its first-order effectHigure 5,
say, low water content of the reaction system could improve the degree of conversion was remarkably low at low acyl:PN
the esterification of PN. In contrast, the effect of substrate molar (vinyl acetate:PN). Nevertheless, the temperature exerted a little
ratio was contrary, namely, the conversion of PN would be influence on the response surface. As mentioned above, a high
positively correlated to substrate molar ratio. As observed in amount of vinyl acetate was required for the reaction to obtain
Figure 3, a strong interaction between water activity and a high degree of conversion, which was believed to be related
substrate molar ratio, which was reflected by the correspondingto the increasing reaction equilibrium value. These results
p value (<0.0001), was deduced from the elliptical nature of obtained by the regression model were in agreement with the
the contour curve. Not surprisingly, a combination of lower experimental results of previous work (1).
water activity and higher amount of vinyl acetate led to high  As presented ifrigure 6, similar toFigure 5, an increasing
conversion. substrate molar ratio could raise the conversion of PN strongly,
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Conversion (%
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3.0 2
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2015
Figure 6. Response surface plots for the effects of reaction time and
substrate molar ratio. Conditions: T, 35 °C; enzyme, 11.7 mg/mL; and
ay, 0.15.

Table 5. Optimum Conditions Found by the Model for the Conversion
of PN

run 1 2 3 4

reaction temp (°C) 374 329 345 30.0

reaction time (h) 15 2.2 35 15

enzyme loading 7.0 10.4 11.0 13.3
(mg/mL)

molar ratio 1.8 24 3.0 2.0
(acyl:PN)

water activity (ay) 0.10 0.12 0.15 0.20

conversion of PN

predicted value 102.4 100.9 98.5 48.0
(%)

experimental 98.7+1.1> 99.2+06> 974+15° 451+1.4°

value (%)?

4Mean =+ standard deviation of triplicate determinations from different experi-
ments. ? Regioselectivities (Rs) obtained under these reaction conditions are 95.8,
94.2, and 94.5%, respectively.

[ 5.208
W

i

— rt + I r ‘*r * T r = T I T r ' 1 7
o} 2 4 8 8 min

Figure 7. HPLC chromatography spectrum of the reaction productions.
Peak 1 is PN, peak 2 is 5-AcPN, and peak 3 is 4,5-di-AcPN.

which reflected a general effect of substrate concentration on
the reaction rate and thermodynamic equilibrium. Especially,

when the value of acyl:PN was about 3 or higher, there was a
fast reaction rate and the conversion of PN could exceed 95%
at 2 h. On the other hand, reaction time had an observable effect

Zhang et al.

other PN derivatives. To reduce the cost of producing 5-AcPN,
it is essential to control the consumption of lipase and vinyl
acetate. On the basis of the discussion above, it was possible to
obtain a high degree of conversion under low enzyme loading
and a low substrate molar ratio. Three sets of predicted reaction
conditions were given by the design to obtain the optimum
conversion and regioselectivity (Table 5).

Verification of Results. To validate the predicted results,
experiments using the improved formula were performed, and
the observed values were shownTiable 5. On the basis of
the solution given by the design, four runs of experiments were
established at the fixed conditioriSgure 7 showed the HPLC
spectrum of one of these experiments, and peaks 1, 2, and 3
represented PN, 5-AcPN, and 4BAcPN (4,5di-O-acetylpy-
ridoxine), respectively. The experimental values were found to
be reasonably close to the predicted ones, which confirmed the
validity and adequacy of the predicted models. Moreover, the
verification experiments also proved that the predicted values
of conversion could be satisfactorily achieved within a 95%
confidence interval of experimental values.

We then performed a scale-up experiment in a 100 mL reactor
under the first set of optimal conditions. We used 680.0 mg of
PN, 619.8 mg of vinyl acetate, and 700 mg of Novozym 435 in
the reaction. As a result, 769.3 mg of 5-AcPN was prepared
with PN conversion of 98.3% and regioselectivity of 94.7%.
The byproduct was 51.6 mg of 4¢s-AcPN obtained. The value
of PN conversion was also close to the predicted value in the
scale-up experiment.

Conclusions.Novozym 435 lipase was used as a biocatalyst
to produce 5-AcPN. RSM was successfully applied to determine
the optimum operational conditions for maximum conversion
of PN. The five independent variables involved in the optimiza-
tion were reaction temperature(xreaction time (¥, enzyme
loading (%), substrate molar ratio {x and water activity ().

The results showed a significantly good fit to this model. The
F test ancp value indicated that the largest effect in the response
surface was the water activitys§ and substrate molar ratisyj.

This was followed by the quadratic effect o2 and the
interaction effect ofkixa, XoXs, XoXa, and x4xs. From the RSM
results, four sets of operation conditions were observed.
Furthermore, under optimized conditions, the experimental
values agreed well with the values predicted. A scale-up
experiment was also done under the first set of the optimal
conditions. The experimental conditions allowed a fast, quantita-
tive, and maximum production of 5-AcPN from PN.
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