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Abstract-In tile present study, bellzaldehyde was converted by both file flee calls Saccharomyces cere~siae (ATCC 
834) and those immobilized in the calcium alginate liquid-core capsule into L-PAC during anaerobic fermentation in 
a mediunl containing benzalddlyde. Ix a fi-ee ceils survey, skipping aerobic adaptation before anaerobic felmentatioil 
caused all of benzaldehyde to be converted by 220 g (wet weight) of cells m 100mL of tile mediunl even at a higher 
concentration of 8 g/L benzaldehyde. The yield of L-PAC based on the moles of converted benzaldehyde increased 
as the amount of benzaldehyde dose was increased. The encapsulation protected cells effectively from the toxicity of 
benzaldehyde. Even a small quantity, 1.1 g (dry weight), of encapsulated cells ix 100mL of the mediunl Coiltaining 
0.6% benzaldehyde converted more thai 95% of tile benzaldehyde, and the con-espoMing yield of L-PAC was about 
40%. The production of L-PAC by the encapsulated cells depended on the pH of the medium. The conversion of 
benzaldehyde deca-eased slightly, but yield of L-PAC increased as file pH of the bi-oth solutioi1 was fixed at a lower 
value. Biott-ansfomlalioil ix a small side reactor of tile batch system caused higher yield of L-PAC than that in file batch 
reactor containing tile same quantity of encapsulated ceils during file first 4 hours of fermentation. 
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INTRODUCTION 

L-phenylacetylcm-bmol (L-PAC) is used as a precursoi- of tile L- 
epidrin, which is effective on congestion and asthma [AsWap et al., 
1 9Vd2a, b]. L-PAC is produced by tile conveutioilal extraction of Eph- 
edra plants or by chemical reaction which also produces other iso- 
mers that cannot be used as pharmaceuticals. Benzaldehyde can be 
b-ansfonned to L-PAC by a reductive alnination reaction which is 
catalyzed by enzymes from certain yeasts. Neuberg found out that 
live yeasts tvansfonned ben2aklehyde m tile ka-oth solution contain- 
ing sugars to L-PAC by a fermentative metabolism [Neuberg and 
LiebermatL 1921]. The production of L-PAC is catalyzed by the 
enzyme pymvate decarboxylase (PDC) and is competitively asso- 
ciated with tile production of tile by-product benzyl alcohol, which 
is catalyzed by the enzyme alcohol dehydrogenase (ADH). The con- 
version of benzaldehyde to L-PAC cai~lot reach 100% because of 
the oxidation of benzaldehyde to benzoic acid and the formation of 
tile by-product benzyl alcohol [Agarwal et al., 1 987]. L-PAC was 
produced in tile fed-batch by using various yeasts [ChAic et al., 1984; 
Mahmoud et al., 1990a; Vojtisek and Netrval, 1982] and the con- 
cenb-ation of L-PAC reached 10-12 g/L [Culic et al., 1984; Mah- 
moud et al., 1990a; Vojtisek and Netrval, 1982]. Tile itlhibition of 
resident benzaldehyde on PDC activity and tile reducfioi1 of cell 
viability which was caused by dhect contact with reactant benzal- 
dehyde, by-produet benzyl alcohol, and product L-PAC lowered 
tile production yield of L-PAC [Agarwal et al., 1987]. Tile specific 
productioi1 rate of L-PAC showed optilnal value when tile close of 
benzaldehyde was between 0.4 and 1.7 g/L. L-PAC was not pro- 
duced at a higher value than 2.1 g/L of ben~valdehyde close [Agarwal 
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et al., 1987]. Otiler papers reported that tile optimal dose of benzal- 
dehyde was 1.1 g/L [Tripatili et al., 1988] and tile upper limit was 
3 g/L [Rogers et al., 1997]. 

Cell immobilization method can be applied in order to protect 
microbial cells fi-oln tile toxic reactant and products in tile produc- 
tion of L-PAC. Saccharornyces cerevis'iae cells eIm'apped m a bead 
were used to produce L-PAC in a semi-continuous culture [Mah- 
moud et al., 1990b; Seely et al., 1989]. Among various cell immo- 
bilization methods, enWapment in calcium alginate beads has com- 
moilly been used for imnlobilization of microbial cells. However, 
a bead eIm'atxn~lt method has a limit of 25% cell loading by vol- 
ume because of the mechanical strength of the support [Buehholz~ 
1979]. An alternative immobilization method, encapsulatioi1 of cells 
m a liquid-core capsule which offers more space for cellular growth 
than entrapment [Kurosawa et al., 1 989], is a good method for a 
high density cultu-e. Chang and his colleagues developed a high cell 
loading encapsulation method which integrated immobilization and 
cell growth into one step and simplified pretx~-atoly steps for whole 
cell inmlobilizatioi1 oi whole cell femlentatioi1 systcans [Cheong et 
al., 1993a]. S. cerevisiae cells were immobilized and cultured in 
calcium alginate capsules. Altilough tile cell concena-ation of tile 
cell-recycled continuous culture systcan [Lee and Yoo, 1994] was 
130 g/L because of tile rheological properties of tile fermentation 
brottl, tile dry cell density reached 300 g/L oil tile basis of tile space 
inside capsule, and ethanol fermentation was sueccessfiflly carried 
out. Ack!ing a small amount of SUlfactant to tile calcium alginate 
membrane prevented capsule rupture caused by gaseous CO2 pro- 
duced during ethanol felmentatiOlX Unlike the yeast cells entrapped 
in the bead, all the encapsulated cells stayed inside the capsules 
[Cheong et al., 1993a, b]. The specific invertase activity of the en- 
capsulated S. cerevisiae cells of SEY 2102 harboimg plasmid pRB58 
with tile SUC2 gene encoding invertase showed slightly higher ac- 
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Fig. 1. Schematic of experimental procedure. Free cells with aerobic adaptation ( ~ ) .  Free cells with aerobic adaptation ( ~ - ) .  

Encapsulated cells without aerobic adaptation ( ........ I~'). 

tivity than did tile flee cells in a batch culture [Chang et al., 1996]. 
The invertase activity of recombinant S. cerevisiae immobilized in 
tile calcium alginate bead decreased 50% aft, er 15 batches, but that 
of encapsulated cells retained tile initial activity even after 25 batches 
[Chang et al., 1998]. The major aim of this work is to explore how 
tile imnlobilization of tile S. cerevis4ae cells in tile calcium alginate 
capsule affects tile production of L-PAC. 

EXPERIMENTAL 

1. Microorganism and Culture Conditions 
S. cerevias'ae (ATCC 834) was used to produce L-phenylacetyl 

carbinol (L-PAC). The yeast cultures employed were ma~ained 
on a mediunl that containe& yeast exti-act, 10 g/L; malt ~xtl-act, 10 g/ 
L; dextrose, 4g/L; agm; 20g/L. Tile mediunl used for growth of 
microorg~aaism and productic~l of L-PAC was composed of yeast 
extract, 6g/L; (NI~)2SO4, 4g/L; MgSO4, 0.6 g/L; KH2PQ, 1 g/L; 
glucose, 100 g/L; to which 5 g/L of CaC12 was added when the en- 
capsulated cells were cultivated. Tile carbon sources mid nitrogen 
sources were sterilized sepm-ately at 121 ~ for 15 minutes in tile 
autoclave. Initial pH of the growth medium was fixed at 6.2 for the 
flee cell culture and was ac~usted to be less thai 5.4 for tile encap- 
sulated cell culture because when phosphate ions combined with 
calcium ions in tile capsule membrane at tile higher pH of tile me- 
diunl, they tmnsfc~aned to CaH4OsP2. Tile flee cells collected by 
centrifuging the broth solution were washed with distilled water 
and dried at 80 ~ until their weight did not change in order to meas- 
ure tile dry density of tile flee cells. Tile diffcaence between tile dry 
weights of vacant capsule and cell occupied one was considered to 
be tile dry cell weight of  encapsulated cells�9 
2. Microencapsulation 

Capsules whose core was packed densely with S. cerevisiae cells 

were prepared as described in tile literature [Oh mid Park, 1998]. 
The cells collected by cen~fftging 10 mL of the broth sohlfion were 
added to 100 mL of 1.3% (w/v) CaC12 (Duksan, Japan) solution 
containing 0�9 (w/v) xanthan gum (Sigma). This solution was 
added drop by drop into the swirling 0�9 (w/v) sc~:lium alginate 
(Yakufi, Japan) solution containing a nonionic surfactant, nonox- 
ynol [polyethyleneglycols mono(nonyl-phenyl) ether]. The adjusted 

May, 2001 

air flow rate of 5 L/lnin at file mlnulus of tile concenbic double nee- 
dles of the dispenser kept the capsule size constant at 2 mm. Cells 
inocculated in co42sules were cultivated at 30 ~ for 2 days in a sink- 
ing incubator. 
3. Experimental  Procedure 

As shown in Fig. 1, S. cerevisiae cells were cultured in tile growti1 
nlediunl whose pH was adjusted to 6.2 for one day at 30 ~ and 
200 rpm in a shaking flask incubator There were three routes for 
tile exl2eiinlental procedure. Tile first was carried out by using free 
cells which were aerobic@ adapted before fermentation. The cells 
collected fron1800 niL of tile broth solution by c~ltfifuging at 3,500 
ipm for 10minutes were moved into 100 niL of fi-esh mediunl in 
an air-lift reactor for aeration adaptation. After one hour aeration 
adaptation (air flow rate: 1,000 cc/nlin at 30~ tile fenn~ltation for 
L-PAC production was perfonned in an anaerobic state in a stkak- 
ing flask incuba~2~r. Tile second was carried out by using flee cells 
skipping an aerobic adaptatioi1 Tile cells collected fi-onl 800 inL 
of the medium were directly moved into the production medium 
without an aeration adaptation. Tile third was peffomled by encap- 
sulated cells witilout an aerobic ~ '_daptation. Tile encapsulated cells 
were prepared by the procedure described just before in the 'micro- 
encapsulation'. Tile encapsulated cells were moved into fi-esh me- 
dium and the anaerobic fermentation for L-PAC production was 
carried out in a shakilg flask incubator. At tile begilIning of tile fer- 
me~ltatic~l, ben2aldehyde was added to tile mediunl as four closes 
of equal volume at 1-h intervals in order to lower the level of reac- 
tant and thus reduce its toxic effect on tile live cells (for exanlple: 
for tile total anlount of 6 g/L benzaldehyde, each 1.5 g/L of benzal- 
dehyde was added to tile production mediunl four times in three 
hours). A fit-st Sanlple of tile pr~,tuct was obtained just after tile fourth 
dose of benzaldehyde. Succeeding samples were obtained at 1-h 
or 2-h intervals dulmg a 24-h femlentation. 
4. Analysis 

Glucose concentration was determined with PGO enzyme (Sigma 
No. 510-A). 0.5 niL of sample solution diluted 500 tinles with dis- 
tilled water was added to 5 ml of combined enzyme-color reagent 
solution and kept at 37 ~ for 30 minutes. OD of the reacted sam- 
ple was measured at 450 nm with UV-VIS spectrolneter (Shinladzu 
1201 ) and compared with the standard curve of optical density for 
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glucose concentration. 
L-PAC, benzaldehyde, and benzyl alcohol were detetlnined by 

GC with a Hewlat-Packard model HP9890 series 1I gas chromato- 
graph; the results were calculated on amodel HP3396 series 11 in- 
tegrator terminal. A Hewlett-Packard HP-1 cohmn was used for 
analysis having a 0.11 Bm crosslinked methyl silicon gum fiim and 
dimensions of 0.2 mm internal bore diameter by 25 m in length. 
Oven temperature wa~ initially 80 ~ and inmeased at arate of  2~ 
per rain to 100 ~ and held at this tempa'ature. The injection tem- 
perature was 250 ~ and compounds were detected at a detector tem- 
peratttre of 250 ~ Aqueous L-PAC (a gig fi'om Knoll, AG; Lud- 
wigshafen, Germany), benzalddayde (SigmaChemical C(x~ benzyl 
alcohol (Junsei Chemical Ca), and dodecane (Sigrna Chemical Co.) 
were used as standards and 1 mL of sample solution, to which 0.2 
mL of dodecane was added, wa~ exlracted with 9 mL of ether. 1 pal 
volumes were injected and helium was uged as a carrier gas. 
5. Cell Viability 

The composition of solid medium used to check the call viabil- 
ity wa~ bacto peptone, 20 g/L, yeast extract, 10g/L, glucose, 20g/ 
L, and agar, 20 g/U The flee cells collected by cenlrifuging 800 ml 
of  broth solution obtained after 1 day cultivation w~e moved into 
the production medium and a given maount ofbenzaldehyde was 
added to the medium as described above. The cells carried out bio- 
tmnfformation ofbenzaldehyde for 5 and/or 10 hours after the last 
addition ofbenzaldehyde at 30 ~ under anaerobic conditions. One 
mL of the production medium diluted 1,000 times with distilled 
waer  was scattered on the solid agar medum w~h a stylized gla~s 
rod The solid agar medium was cultured at 37 ~ for 3 days in the 
incubator and the colonies o f S  cerevz~ae cells were counted. 
6. Batch with Side Reaetor System 

In order to ~plore how the dense population of live cells in the 
reactor affects the production yield of  L-PAC, we made the produc- 
tion medium cit~'ulate through a small reactor which was attached 
to the vessel containing the production medium containing benzal- 
dehyde as shovm in Fig. 2. The reactor was packed with 7.24mL 
of calcktm alginate capsules containing S cemvz~zae cells in the 
liquid core and the production medium was circulated at a rate of  
2.06 mL per rain. 

RESULTS AND DISCUSSION 

I. Conversion of  Benzaldehyde by  the Free Calls 
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Fig, 2. Schematic representation r batch wKh a side packed reac- 
tor. 
a. Cooling water bath c. Peristaltic ptanp 
b. Medium storage d. Bioreactor 
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~ m e  course ~ the L-PAC, residual benzatdelryde, benzyl 
alcohol d m ~ g  biolramformalion by free cells of :K coev/- 
s~e  ATCC 834 ia a shaking incubator ~lst after 1-h aero- 
bic adaptation. 
4g/L benzalddayde dose, 24 g wet cdls/100 mL ofmedum: 
D benzalddayde, C; L-PAC, • kenzyl alcohd; 8 g/L benzal- 
dehyde dose, 21 g wet cell#100 mL ofmeclum: 4~ benzalde- 
hyde, Q L-PAC, A benzyl alcohol; ~ benzaldehyde dose 

The conversion ofbenzaldehyde ~ o  L-PAC varied with the total 
amount ofbenzaldehyde dose. The time course of  L-PAC, residual 
benmldehyde, benzyl alcohol during biotransformation by flee cells 
ofS. c ~ a e  in shaking incubator is shown in Fig. 3. Free cells 
in the reactor were adapted to the asr~ion for one hour before fer- 
men~ion. BiolramCormaion was completed in 3 hours diring ben- 
zaldehyde dosage. The fi'action of converted benzaldehyde ~ring 
biotranfformmion was 85.2 percent of  the total dose of  4 g/L ben- 
zaldehyde and decreased as the dosage ofbenzaldehyde increased, 
although the mass of converted benzaldehyde increased The con- 
cen~'elion of benzaldehyde in the medium just after the last dose 
of  4 g/L benzaldehyde itsetf uras a~ low as 0.7g/L and as high as 
3 g/t, ~ e r  the last dose of  8 g/L. Therefore, we can conclude that 
the toxicity of higher benzaldehyde concentration on the cell via- 
bility caused the deereme ofbenzaldehyde conversion. This phe- 
nomenon is partially coincident with other reports that the spedfic 
produaion rate of L-PAC was highest at adose concenlration of 1.7 
g/L benzaldehyde [Aga~'al et al., 1987; Wang et al., 1994]. There 
was no production of L-PAC by the flee cells at a dosage concen- 
Iration higher than 3 g/L [Rogers et al., 1997]. 

In this study, however, the txoducfion r~e of  L-PAC increased 
as the total amount of benzaldehyde dosage ineremed from 4 to 
8 g/L. This may be due to the fact that the wet cell density in the 
fermentation medium used in this study was 220 g/L (dry basis: 
48 g/L) and much higher than that in other studies. The yield o f  L- 
PAC represented as the mole ratio of product L-PAC to converted 
benzaldehyde ineremed fi'om 7.7 to 23.9 percent m the total amount 
ofbenzaldehyde dose incremed fi'om 4 to 8 g/L. The yield of  L- 
PAC and benzaldehyde conversion reported by Mahmoud et al. 
[1990a] for flee cells were 16 and 78 percent, repectively, at the 
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Table 1. C o n v e r s i o n  o f  benzaldchyde during anaerobic fermentation b y  220  g (wet wt: dry basis ,  48 g/L) a free  (r l ls ,  Sacchammyces 
~ r ~  (ATCC 834) per  IRer of medium 

Aerobic adaptation Benzaldehyde YieldS) (%) Conversion of 

before fermentation (hr) dose (g/L) L-PAC Benzyl alcohol benzaldehyde (%) 

none 4 7 57 99 

6 19 52 99 

8 25 47 99 

1 4 8 53 83 

6 16 54 58 

8 24 47 64 

3 6 1 64 35 

~)Yi eld: based on moles of converted benzaldehyde. 

benzaldehyde dose of  6 g/L.  However, the yield of benzyl alcohol 
decreased slightly as the total amount of benzaldehyde dosage in- 
creased as shown in Table 1. This result can be explained by another 
report that alcohol dehy&ogenase which was used to produce ben- 
zyl alcohol f i~n benzaldehyde was kthibited much more sensitively 
by the high concenlration of benzaldehyde than pyruv~e decar- 
boxylase which was used to convert benzaldehyde to L-PAC [Long 
et al., 19~9]. 
2. L-PAC Production by  the Free  Ce~s without Aerobic A d a p -  

t a t i o n  

Skipping the an'obic adaptation of  cells increased the fi'action o f  
converted benzaldehyde during anaerobic fermentation. All of  the 
benzaldehyde injected into the medium at 1-h iraervals in 3 hrs dis- 
appeared in 6 hrs of  fermentation even when the total amount of  
benzaldehyde dosage was 8 g/L a~ shown in Fig. 4. Skipping aer- 

obic adaptation m ~ e  the cells produce much more L-PAC com- 
pared with that of the a~obically adapted cells, but the respective 
yields of  L-PAC and benzyl alcohol on the moles of converted bm- 
zaldehyde were nearly the sane as those ofa~obically adapted cells 
as shown in Table 1. A longer aerobic adaptation was more harm- 
fill to cells and a 3-h aerobic adaptation made the flee cells unable 
to produce L-PAC as shown in Table 1. These results indicate that 
aerobic adaptation of the cells stimulated respiratory chains, corre- 
spondingly inhibited fermentative biotransfcrmation, and equally 
reduced the activations of enzymes such as pyruv~e decarboxy- 
lase and alcohol dehy~genase,  although the longer 24-h aerobic 
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Fig. 5. The stme of free M s  of  ~ c ~  ATCC 834 after the 
fetmentalive bio~'an~formalion in the medimn to which 8 
L b e n z a l d e h y d e  w a s  added .  

A: 5-h, B: 10-h 
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Table 2. The viability of yeast cells after production of L-PAC in 
the medium to which 8 g/L benzaldehyde was added as 
four doses of equal volume at 1-h intervals wRhout aer- 
obic adaptation. 

Femtentation Number of colony (/100 mL medium) 

time (hr) Dilution rate (1/1,000) Dilution rate (1/10,000) 

0 5.76• a 14.78• 
5 1.33• a 2.1• 

10 0 0 

adaptation was essential for the eIm'apped cells to be used in the 
repeated cycles of fmne~ttatic~l [Matmtoud et al., 19~0b]. The state 
of free cells used for 5 and 10 t~-s, respectively, to convert beigal- 
dehyde in the fermentation medium supplied with 8 g/L benzalde- 
hyde as 4 closes of equal volume at 1-h intervals is shovm in Fig. 5. 
Seventy five percent of the fiee cells' population died after 5-h fer- 
mentation and no viability of the cells was found at~er 10-h felmen- 
tation because of the it~ra~tion with be,lzaldehyde being more toxic 
than benzyl alcohol [Yeom and Yoo, 1997], as shown in Table 2. 
3. Protection of Cells by Capsule Membrane 

The diy density of encapsulated cells which had been cultured 
for 2 clays in the g r o ~ h  medium reached 260 g/L on the basis of 
inner volume of the capsule. A respective 0.4-, 0.6-, and 0.8-g of 
benzaldehyde was added to 100 mL of liquid medium as four doses 
of equal volume at~er 5.6 mL of capsules were added As shown 
in Fig. 6, all 4 g/L benzaldehyde was taken up by the encapsulated 
cells after 20 his of fermentation; L-PAC was detected in the me- 
dium after 1 0 t~-s because of the mass transfer resistance tt~ough 
the capsule raerabrane. As reported earlier in the literattne [Matt- 
moud et al., 19~)a; Nikolova and Ward, 1 994], immobilization of 
cells chmged the yield of L-PAC based on the moles of converted 
belazaldehyde. In this study, encapsulation of the calls increased the 
yield of L-PAC 4- and 1.18-fold more than did flee cells at the initial 
supply of 4- and 6-g/L benzaklehyde, respectively, even though the 
dry concenlration of encapsulated cells was as low as 5.2 g per liter 
of medium and was only 2.5% of that of fiee cells. The increase of 
L-PAC productic~l by encapsulated cells at the benmldehyde close 
of 4 g/L is much higher compared to that obtained by Mahmond et 
al. [19~0b] using cells inmtobilized in the bead, although the cell 
mass used for the capsule system was much less than for the bead 
system. These results may be caused by the fact that encapsulation 
protects cells more effectively from the toxicity of benzaldchyde 
than does immobilization in beads because there are no cells in the 
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Fig. 6. The effect of specific doses of benzahlehyde based on the 
amount of cells on the production of L-PAC during bio- 
transformation by the encapsulated cells of S. cerevisiae 
ATCC 834 in a shaking incubator. 
4 g/L be~mlcldtycle dose, 5.2 g dry cells/L of medium: [] 
benzaldehyde, �9 L-PAC, A benzyl alcohol; 8 g/L benmlde- 
hyde close, 5.2 g dry cdls/L of medium: I~ be~mldehyde, �9 
L-PAC, A benzyl alcohol; --+ bellzaldehyde close. 

capsule membrane and the cells remain only in the capsule core. 
Moreover, cells immobilized in the bead smeared out fiom the bead 
and grew in the liquid medium, but the capsule membrane complete- 
ly captured yeast cells during fermentation as observed by Cheong 
et al. [1993a]. However, as similar results obtained by Matmtond 
et al. [1990b] for cells mmtobilized in the beads, the reduction of 
toxic or mhibitoly effect of benzaldehyde on the encapsulated cells 
could not be found at the higher benzaldehyde dosage of 8 g/L, as 
shown in Table 3. Only 42.5% of benzaldehyde was taken up by 
the encapsulated cells during the 24 h of incubation; moreover, no 
L-PAC was produced. As mentioned in the literattae [Matmtoud et 
al., 1990a], the lower benzaldehyde conversion rate at higher ben- 
zaldehyde conceIm'ation might be caused by the pellet fcmtation of 
cells. 
4. Effect of Cell Loading on the Production of L-PAC by En- 
capsulated Cells 

About 97% of benzaldehyde disappeared and yields of L-PAC 

Table 3. Conversion of benzaldehyde during anaerobic fermentation by the encapsulated cells, Saccharomyces cere~iae (ATCC 834) 

Benzaldehyde dose Cell mass Yield1) (%) Conversion of  

(g/L) (g dry ~vt/L medium) L-PAC Benzyl alcohol benzaldehyde (%) 

4 5.2 25 65 99 
6 5.2 22 53 99 
8 5.2 0 33 43 
6 3.0 0 29 32 
6 5.4 30 53 98 
6 10.2 39 60 97 

~)Yield: based on moles of converted benzaldehyde. 
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Fig. 7. The increase of cell loading in the medium improves the 
production of L-PAC and correspondingly decreases the 
toxicity of benzaldehyde on the encapsulated cells ofS c~re- 
v/s/ae ATCC 834 in a shaking incubator. 
6 g/L bei~aldellyde close, 3.0 g dry cells/L of meditan: [] 
ben~dehyde, �9 L-PAC, • benzyl alcohol; 6 g/L benzalde- 
hyde close, 10.2 g dry cells/L of medium: I~ benzaldehyde, 
�9 L-PAC, A benzyl alcohol; ---' beilzaldehyde close. 

on moles of converted benzaldehyde were 39 and 30%, respectively, 
when 7.24 ii1g alld 3.62 illg of capsules were added to 100 mL of tile 
femlentatic~l medium supplied with 6 g/L benzaldehyde, as shown 
in Table 3. Addition of 2.4 mL calpsules converted only 32.3% of 
tile benzaldehyde and could not introduce any L-PAC production, 
as shown m Fig. 7. These results suggest that encapsulation of cells 
reduces tile toxic or inhibitory effect of benzaklehyde and corre- 
spondingly increases tile yield of L-PAC oil benzaldehyde, but tile 
yields of L-PAC production by encapsulated cells decrease inversely 
with tile specific loading of benzaldehyde oil cell mass. Using en- 
capsulated cells increased tile yield of L-PAC on tile basis of moles 
of converted benz01dehyde, but the yield reached 39% as shown in 
Table 3 and not 90% as obtained by M01nnond et al. [1990a] using 
cells immobilized in the bea& The yield ofbenzyl alcohol increased 
in accordance with L-PAC as tile specific loading of benzaldehyde 
on cell mass decreased, and reached about 60% on tile basis of moles 
of  converted benzaldehyde. 
5. Effect of pH on the Yield of L-PAC 

In other studies for L-PAC l~-oduction, tile pH of tile medium 

was fixed at 5.0 &uilg incubatic~l [Rogers et al., 1997] or adju~ed to 
5.0 at the beginning and not cor~rolled during incubation [M01~nond 
et al., 1990a]. In anotiler report m which pymvate was added to- 
getil~ with benzaktehyde to the medium at tile beginning of tile in- 
cubation, the observed optimum pH was 4-4.5 [Long et al., 1989]. 
Tile vaiation of tile pH of tile medium diaitg cultivation affected 
the gro~Wh of E. cell  cells in the capsule [Oh and Park, 1998]. In 
this study, tile pH of tile medium was 5.0 at tile beginning of f~- 
mmtatic~l of encapsulated S. cerevisqae cells and decreased to 2.8 
after 20 h of incubation. The pH of the medium was controlled to 
be constant during feim~ltation by using an acid-base dosing meti1- 
o d m  expectation that tile pH control affects tile enzymatic activity 
of enzymes alcohol dehychogenase and/or pyruvate decozboxylase 
and increases correspondingly tile yield of L-PAC. As shown in 
Table 4, the uptake of benzaldehyde by the encapsulated S. cere~q- 

x/ae cells slightly decreased fi-om 99% to 95% m tile medium sup- 
plied witi16 g/L benzaldehyde as tile controlled pH of the medium 
was decreased from 4.5 to 3.5. However, the yield of L-PAC on 
tile moles of converted benzaldehyde increased fionl 17% to 32% 
and was higher than that in the case of nattrally decreasing pH, if 
pH of file medium was controlled to be lower fflan 4. In tiis study, 
change in pH of tile medium did not affect tile yield of benzyl 01- 
cohol, as shown in Table 4, although the benzyl alcohol produced 
during incubation might have been toxic to tile cells as well as tile 
substt-ate benzaldehyde [Long et al., 1989]. With these results, it 
can be suggested that the lower pH of the medium prevents the di- 
gestic~l of L-PAC by tile cells and/or increases tile activity of pyre- 
rate decarboxylase, although the g ro~h  of cells was depressed at 
tile lower pH. 
6. Aerobic Adaptation of Encapsulated Cells 

Aerobic adaptation of immobilized cells between anaerobic fer- 
mmtatic~l cycles can reactivate tile cells. Witilout aerobic adapta- 
tion between anaerobic femlentation cycles, conversion of  ben- 
zaldehyde by encapsulated yeast cells decreased as file ?-h fennen- 
tatic~l cycle was repeated. Tile conversion of benz01dehyde in file 
1 L medium containing 10 g of encapsulated cells decreased to 36% 
at file second cycle; yield of L-PAC also decreased fi-onl 32% to 
15% at tile second cycle. A 2-h aerobic adaptation in an air lift re- 
actor activated encapsulated cells to convert more benzaldehyde in 
file second cycle compared to that without aerobic adaptation and 
also increased the yield of L-PAC in the second cycle to 41%, which 
is higher than that of tile first cycle as shown in Table 5. Tile 24-h 
aerobic adaptation increased tile conversion of benzaktehyde by 
the cells immobilized in the bead at the second trial [Mahmoud et 
al., 19~0b], but file anlount of beads was 100 ii1g ill ,100 Illg of file 
medium supplied with 6 g/L bei~_ldehyde. Tile toxic effect of ben- 

Table 4. The dependence of L-PAC production by encapsulated cells on the pH of the culture broth 

Benzaldehyde dose Cell loading pH during Yield ~) (%) 

(g/L) (g dry wi/L medium) fermentation L-PAC Benzyl alcohol 
Conversion of 

benzaldehyde (%) 

6 5.2 3.5 32 55 
6 5.2 4.0 25 57 
6 5.2 4.5 17 57 
6 5.2 5.0/2.8 22 53 

95 
98 
99 
99 

~)Yield: based on moles of converted benzaldehyde. 
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Table 5. The effect of aerobic reaclivation of encapsulated cells between anaerobic fermentation cycles on the production of L-PAC at 
the fol lowing cycle 

Benzaldehyde Cell loading Aeration Fermentation Yield1> (%) Conversion of 
dose (g/L) (g dry wt/L medium) time (hr) cycle L-PAC Benzyl alcohol benzaldehyde (%) 

6 2.6 none First 32 58 66 
Second 16 49 36 

6 2.6 2 First 33 54 76 
Second 42 58 49 

~)Yiel d: based on moles of converted benzaldehyde. 

zaldehyde on the cells inmlobilized in the beads was not severe com- 
pared to that on the encapsulated cells because only 4.5 g cells were 
distributed in 100 ml of calcium alginate beads. This may indicate 
that the effect of aerobic adaptation on the L-PAC production by 
the encapsulated cells is not remarkable compared to that by the 
cells immobilized in the beads. 
7. Batch with Side Reactor Packed with  Encapsulated Cells 

A higher cell density of encapsulated cells increased the conver- 
sion of benzaldehyde and yield of L-PAC, as shown in Table 3. A 
side reactor cc~ltahmg 1,000 capsules packed with 1.02 g of cells 
based on dry weight was attached to the tank containing 100mL 
of medium, as shown in Fig. 2. The meditan was recycled at a flow 
rate of 2.06 mL/min in expectation ttlat the yield of L-PAC would 
be higher coml:ered to that of the batch system because the cell den- 
sity in the side reactor was ttighel: A total amount of 6 g of ben- 
zaldehyde was added to the medium tank as four doses of equal vol- 
ume at 1-tl intervals; no L-PAC was F-oduced just aria- the last ben- 
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Fig. 8. Time course of the L-PAC yield (mole%), benzaldehyde 
conversion (mole%) during biotl~nsformation by encap- 
sulated cells o f ~  c ~ e ~ / a e A T C C  834. 
a batch sybien~ 1.02 g diy weight of encapsulated cells/100 lnL 
of medium. [] conversion of b~2aldehyde, <> L-PAC yield; a 
batch with a side reactor system, flow rate 2.06 mL/nfin, 
1.02 g dry weight of encapsulated cells, 100 mL &medium in 
a batch: I~ conversion of benzaldehyde, I~ L-PAC yield; 
four doses ofbenzaldehyde at 1-h intervals during the fast 3 h 
of incubation. 

zaldehyde dose to the batch system. However, L-PAC was found just 
after the last close and tile yield of L-PAC was about 20% in tile 
side reactor system even though the conversion of benzaldehyde 
was nearly the same for bottl systems, as shown in Fig. 8. Use of 
encapsulated cells delayed the production of L-PAC compared to 
that of free cells as shown in Fig. 6 and 7. This result may be due 
to the mass tvalsfer resistance ti~ough the capsule menlhiane. How- 
ever, the fast flow of the medium through the side reactor increased 
the external mass transfer of the capsule and tim made the early 
appearance of L-PAC in the medium of tile side reactor system. 
There was no difference between the final conversions of benzal- 
dehyde in both systems. 

C O N C L U S I O N  

Encapsulation is a very effective means of protecting S. cerevi- 

siae cells fi-om tile toxic effect of higher conceim-ations of benzal- 
dehyde and corresponditgly gives tile encapsulated cells an oppor- 
trinity to produce much L-PAC in the medium containing benzal- 
dehyde. Higher loading of encapsulated cells in the liquid medium 
ffm-oduces a higher yield of L-PAC based on tile moles of con- 
verted benzaldehyde and a ttigher conversion of benzalddlyde, but 
the encapsulation tedutique cannot effectively Fotect the cells fiom 
the toxicity of extremely higher concentrations of benzaldehyde if 
the specific benzaktehyde loa&g oi1 the cells in the medium is very 
ttigh. An aerobic adaptation between femlentation cycles refi-eshes 
encapsulated cells and improves the yield of L-PAC in the follow- 
ing cycle, alfflough the aerobic adaptation at the beginning of an- 
aerobic fermentation decreases the conversion of benzaldehyde by 
flee cells. Shear stress oi1 tile capsules caused by tile fast flow of 
the liquid medium and nmch badhg of encapsulated cells in the 
side reactor may provide a high yield of L-PAC, protecting encap- 
sulated cells fi-om the toxicity of benzaklehyde because of the con- 
centration gradient of benzaldehyde along the length of a side reac- 
tor. 
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