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ABSTRACT

In this work, optimal control techniques were used to optimize the feed of reactants during the enzymatic synthesis
of ampicillin in asemi-batch reactor. Smulation results showed that a semi-batch integrated reactor (with product
crystalli zation) might achieve 88% 6-APA (6-aminepenicillanic acid) conversion and 92% of PGME (pherylglycine
methyl ester) yield, with a productivity between 3.5 and 55 mM min ™.
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INTRODUCTION

Ampicilli n is one of the most clinically important
B-lactam antibiotics. Nowadays, its industrial
production route is the chemical synthesis. It is a
complex route in which aganic chlorite
compounds and extreme temperatures (= -30°C)
are involved (Ospina et al., 1996). Although high
yield is achieved by this route, the chemical
synthesis has been criticized for its environment
impact. The enzymatic synthesis of ampicillin
using penicillin G acylase (PGA) can be carried
out at room temperature (25°C), agueous medium
and pH close to the neutrality that allow it being
clasdfied as a “green chemistry process'.

However, a the moment, substrate yield is
one of the main obstacles for this route
reading an industrial implementation. In the
enzymatic route, the  atibiotic, an
intermediary product, is almost completely

" Author for correspondence

hydrolyzed at thermodynamically equilibrium.
The yield is given by the balance of three
reacions, al of them caalyzed by the same
enzyme: antibiotic synthesis, acyl-donor
hydrolysis (e.g. phenylglycine methyl ester,
PGME); and the hydrolysis of the recently
synthesized antibiotic.

The kingtics of the enzymatic synthesis of
ampicillin is complex and highly non-linear
(Gongalves e al., 2002. Its mechanism involves
activation/inhibition o substrates and products,
formation o undesired products and an important
dependency on pH and temperature.

Optimization methods are important tods in arder
to achieve high yidds and make the industrial
implementation possble The main djective of
this work was to apply optimal control techniques
(algorithms), using modds from literature to
predict optimal feed rates of reactants (PGME,
phenylglycine methyl ester and 6-APA, 6-
aminepenicillanic acid) on a fed-batch reactor.

Brazilian Archives of Biology and Technology



20 Ribeiro, M.P. A. and Giordano, R. C.

Performance criteria (to be maximized) included
PGME vyidd, 6-APA conwersion and antibiotic
(AMP, ampicillin) productivity (see equations 17,
18 and 19). The range of substrate and product

concentrations in study comprised regions above
solubility limits. The main reason for this is that
the ampicillin predpitation protects itself from
enzymatic attack and avoids its hydrolysis.
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Figure 1 - Main reactions of enzymatic synthesis of ampicillin: PGME, phenylglycine methyl ester;
6-APA: 6-aminopenicillanic acid; AMP, amgcillin; PG, phenylglycine.

Optimal control

In batch (or semi-batch) process operations, the
process variables undergo significant changes
during the duration o the batch. Thereis no steady
state and thus no constant set points around which
the key variables can be regulated. Hence, the
major objedive in batch gperations is not to keep
the system at some optimal constant set points, but
rather to Qptimize an dbjedive function that
expresses the system performance (Srivasan & al.
2003.

Optimal control algorithms pursue strategies that
minimize (or maximize) peformance criteria,
expressed by a performance functional (Ramirez,
1994. In aher words, they are algorithms that
indicate the necessary conditions that will
determine an gotimal contral pdlicy, u(t), leading
the system

= f(xu,1), x(tg) = Xo @)
foll owing a trajectory, x(t), in which the functional

I@=h(xt ) )+ [ Flxude ()

will be maximized o minimized. J is a
performance parameter; x is the n-dimensional
vedor of state variables, u is the m-dimensional
vedor of control. From the variational calculus,
the problem of optimal control without inequality
constraints leads to the foll owing equations which
have to be solved (Ramirez, 1994):

Equation of Euler-Lagrange

. OH
A=-"" 3
A= " 0x (©)

where A is the n-dimensional vedor of adjoint
variables (dynamic Lagrange multipliers)

Equation of equality constraints
x=f(xu,t), x(ty) = X, (4)

ah(t %‘

(%)

Transversality condtion

oh(t,)

A, )D5X +E+(t
0 0x

where H is the Hamiltonian defined as;
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H=Fxut)+A".f(xut) (6)
Optimal control
oH

ou =0 (7)

Kinetic models

Ferreira et al.(2000 presented a semi-empirical
kingtic model to the enzymatic synthesis of
ampicillin. The reaction rates proposed by the
authars are:

Formation d Acyl-enzyme mplex (or rate of
ester consuming)

KeanCsCoro ©

E AN% N

Ampicillin synthesis

K.2aCasCro X ©)
e
AB
where
— c:NH (10)
KEN-'-C:NH
Ampicillin hydrolysis
K.at2C anCro
cat2 (11)

AB
AN

where Cpy is the ampicillin concentration, Cyy, the
6-APA concentration and Cgy, the enzymatic
activity. The kinetic parameters has been fitted by
Ferreira et al., 200Q at pH 6.5 and temperature at
25°C. Thus, the reaction rates to each component
are

Reaction rate of PGME (noted by Rag)

Rag = -Vag (12
Reaction rate of Ampicilli n (Ran)
Ran = Vs -Viz (13)

Reaction rate of 6-APA (Run)

Rt = -Ran (149
Reactionrate of PG (Raon)
Raor = -Ras - Ran (15

Problem formulation

The optimization of enzymatic synthesis of
ampicillin is based mainly in finding a process
where 6-APA conversion (X), PGME vyields
(Y) and antibiotic productivity (P) are
maximized. It has been verified (Youshko et
a., 2001 Giordano e a., 2003 to the
ampicillin synthesis that an integrated fed-
batch reador, in which products crystallization
ocaurs, could have abetter performancethan a
simple batch reacdor. In this case, finding an
optimal fead trgedory of substrates (6-APA
and PGME) bemmes necessary. The
performance aiterion (or functional) used in
thiswork was:

J(u) = h(x(t,),t,) =[c,Y? +c,P? +

+c,X? +¢,C2, 14 (16)
where
Y = _ G (17)
c:AN + c:AOH
P= Ca (18)
tf
X = G (19
c:AN + c:NH

where the indexes AN, NH, AB and AOH refer to
ampicillin, 6-APA, PGME and PG respectively.
The cost constants ¢ confer weights to each
performance variable As 6-APA is the most
expensive and unstable reactant, it has been also
added aweight to it (see equation 16, where c; < 0
and ¢, C, ¢ >0) in ader to deaease its
concentration at the end of the batch.

The massbalancein the fed-batch reactor is:

dC

rm =R(C°)+Q, C(0)=C

(20
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where C is the concentration vector (state vector)
and Q is the vector of the feed (control vedor). As
nore of the products are fed, Qaon(t)=0, Qan(t)=0.
R is the vedor of reaction rates. It was assumed in
this work that the volume increasing due the feed
of substrates could be neglected. The reason for
that assumption is that reactants are fed as slids.
Also, the reaction acurs in agueous-precipitated
medium, however the kinetic rates depend on the
concentration in solution only, C° In this case it
was asumed that crystallization occurs
instantaneously as $on as the solubility limit, C*,
isachieved. That is:
c’=<C if G<C (21

Ci* if C = Ci*
from equations 16, 20 and 21, the necessary
condtions to gptimality for this problem can be
derived:

Equation of Euler-Lagrange (4 equations)

. D S _S
O 0C® oG
where
oC _ 1 if G<C (23
oC,
0 if CG=C/
Equation 20 represents the four constraints

equations. In this work the final time, t;, was fixed
and therefore, ot; = 0. Hence, the transversality
condtion yields a boundary condtion (at the final
time) to the adjoint variables.

oht,)

Alty) = (24)

METHODS
Algorithm to solve the optimal control problem

For the determination of the optimal control,
equations 20 and 22 must be solved concomitantly
from initial condtions, Cy, and final condtions
(boundary condtions) of the adjoint variables,
equation 24. Partial derivatives of equation 20

were obtained analytically. The procedure adopted
was as foll ows:

1) Choose an initial guessfor the reactant feed,
Qas’(t) and Qui’(t).

2) Integrate the state ejuations, equation 20,
from initial condtions, Cy to thefinal time

3) Integrate the equations of adjoint variables,
equation 22, from its values at the final time,
equation 24, to initial time, to.

4) Update the values of Q(t) using steepest
ascendent method.

Q= QF +n% = QF +nA* (25)

5) Repeat steps 2-4  until
achieved, that is, J <= J¥

convergence is

Ordinary differential equations were solved using

Runge-Kutta (45" orders) method implemented

in FORTRAN. Optimization has been made for

the enzymatic synthesis of ampicillin at 25°C and

pH at 6.5. Solubility of the components was taken

from literature (Vieira, 2003, and their values are:

Crpg= 1.2 M; C*\y = 0.3 M; C*pup = 0.050 M;

C* pon = 0.015M. The value of the cost constants

adopted were: ¢;=c,=¢c3=1, andc,=-0.1.

In arder to reduce time consuming and to enhance
precision to the final results of the optimization

algorithm, parameter ) beganat 0.09 and \aried as
follows:

- ifIJ*T> 3% nincreases 10% within superior
limit of Nex = 2.5.

- if I < 3%, n decreases 10% within inferior
limit of Nin = 1,0x10™

RESULTSAND DISCUSSION

Figs. 2, 4 and 6 depict the results obtained for the
optimal feed o reactants for three different final
times (t;): 200, 300 and 500 minutes. Semi-batch
simulations of the synthesis using trajectories
obtained by optimization are shown in Figs. 3, 5
and7.
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Figure 2 - Optimal trajedories of feed rates oktained to the synthesis of ampicillin. Fina
time: t; = 200 min.
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Figure 3 - Simulation of synthesis using gotimal feed rates obtained. t; = 200 min.
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Figure 4 - Optimal trajedories of feed rates oktained to the synthesis of ampicillin. Fina
time: t; = 300 min.
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Figure 5 - Simulation of synthesisusing gotimal feed rates obtained. t; = 300 min.
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Figure 6 - Optimal trajedories of feed rates oktained to the synthesis of ampicillin. Fina
time: t; = 500 min.
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Figure 7 - Simulation of synthesis using gotimal feed rates obtained. t; = 500 min.
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High 6-APA feal rates were abtained at the
beginning o the synthesis as optimal trajectories
for final times at 200 and 300 minutes. These
trajedories were epected because it was
necessary to keep the concentration o 6-APA at
higher value while PGME was consumed. The
optimal PGME fee rates obtained became higher
at the end of the synthesis. The eason for increase
was the cost added at the functional J for the final
concentration d 6-APA which deaeased faster
when the concentration of ester was enhanced.
Results obtained for 500 minutes as final time in
contrast, seemed to differ from the others. Feed
rates for PGME were most of the time higher than
for 6-APA. In this case, an increase of the yidd o
PGME and productivity seemed to overcome the
final 6-APA conversion (see Fig. 9) at least for the
weights used in this optimization. However, using
this drategy, the high concentration d PGME at
the end o the synthesis (Fig. 7) could cause
difficulty in the subsequent step, the product

separation. It was nat the case with the others two
strategies (Figs. 3 and 5) where concentration of
the PGME was lower than its solubility.

Although an gptimal final time was also dependent
on ahes factors (unloading time, mixture
viscosity, reaction volume increasing) and the final
concentration d the components changed
considerably from different final times (Fig. 8), it
could be naticed, for any o the simulations, that
the conversion and yield were between 86 and
92% (Fig. 9), which were promising results for the
enzymatic synthesis of ampicillin. Moreover, high
concentrations of ampicillin (1.0 to 2.5 M) were
reached in the simulations that would facilitate the
separation step (Fig. 8).

In order to dotain more redlistic results, it would
be necessary to have a functional in which real
process costs would be incorporated and,
therefore, the real process cost would be
minimized.
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Figure 8 - Concentration of reactants and products at the end of the semi-batch for

different final times.
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Figure 9 - Productivity, conversion of 6-APA and yield of PGME at the end d the
semi-batch for different final times.

CONCLUSION

Optimal control tedhniques, using Kkinetic
models from the literature, were applied with
success, predicting optimal trajeaories for the
fead rates of substrates in a semi-batch reador
of enzymatic synthesis of ampicillin. 6-APA
conversion, PGME vyield and ampicillin
productivity were maximized (for a fixed
enzymatic concentration). A penalty to the
final concentration of 6-APA was also added
to the proposed functional in order to
minimize 6-APA wastes (the most expensive
and unstable substrate). Studied region also
included concentrations above solubility limits
of substrates and products with the purpose of
protecting the atibiotic of enzymatic atadk,
i.e.,, avoiding its hydrolysis. The results
showed  that an integrated (with
products/substrates crystallization) semi-batch
reacor could enhance yields and conversions.
It would also provide high concentration of
antibiotic in the reador that would make its
separation easier. This work presented an
available method to atadk the problem in a

rational manner. Certainly, a functional that
takes into acmunt the real costs of readants,
products and operation should be defined for
an indwstrial case. Also, the influence of the
final time of the read¢ion must be further well
studied.
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RESUMO

A sintese enzimética de ampicilina oferece menor
impacto ambiental em relacdo ao procesd
utilizado atualmente pea indastria farmacéutica.
Mas seu rendimento e produtividade devem ser
melhorados para tornar essa rota competitiva.
Alguns estudos empiricos para otimizar a rota
enzimatica de sintese de antibidticos (3-lactamicos
vém sendo realizados. Entretanto, a utilizagdo
sistemética de méodos matematicos de otimizagdo
nesse processo o é encontrada na literatura
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Neste trabalho, utilizaram-se técnicas de controle
6timo para otimizar a dimentagéo de reagentes na
sintese enzimética de ampicilina em reator
operando em batdada dimentada. Resultados
simulados maostram que, em reator integrado (com
precipitacdo dos produtos) operado em batelada
alimentada, conversdes de 6-APA e rendimento de
EMFG de 88% a 92% sdo factiveis, assm como
produtividades entre 3,5 5,5 mM.min™.
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