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a b s t r a c t

Theaflavins, an active antioxidant, a natural pigment and pharmacologically active molecule obtained from
black tea were bioprocessed on an immobilized tea polyphenol oxidase (PPO) system by the conversion
of tea catechins extracted from green tea leaves with an overall conversion efficiency of 85% about 14-fold
increase over maximum achievable in normal black teas. The immobilized enzyme (IE) system consists
of activated cellulose matrix on to which the freshly extracted tea leaf polyphenol oxidase was covalently
linked. Cellulose as a matrix of choice was considered primarily for its non-toxic nature, natural origin,
low cost and easy availability. The kinetic parameters of the IE system were; protein loading capacity

◦

ioprocessing
heaflavins
atechins

mmobilization
mmobilized enzyme

atrix

11.8 mg/g; pH optimum 5.9; temperature optimum 37.5 C; Km 4.76 ± 0.08 mM; Vmax 20 ± 1.80 nmol/min;
enzyme activity retention (83.58%) and number of batches per turnover without loss of activity was 14.
The product from IE system was identified by HPLC and ESI-QTOF-MS spectrometry.

© 2008 Elsevier B.V. All rights reserved.
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. Introduction

Theaflavins, a mixture of theaflavin, theaflavin-3-gallate,
heaflavin-3′-gallate and theaflavin-3,3′-digallate (Fig. 1) are bioac-
ive molecules which account for 0.4–1.8% of the dry weight of the
olids in brewed black tea and contribute greatly to the quality of
ea [1–4]. They are formed during black tea manufacture from co-
xidation of selected pairs of catechins mediated by the enzyme
olyphenol oxidase native to tea leaf [5]. Recently, theaflavins have
ttracted considerable interest because of their potential benefits
o human health as natural dietary antioxidant. The antioxidant
ature of these chemicals were established against lipids oxidation

etected in the rabbit erythrocyte ghost system [6] and rat liver
omogenates [7], and LDL oxidation in mouse macrophage cells [8].
he antimutagenic [9], anti-inflammatory [10] and cancer chemo
reventive action [11] of theaflavins has also been reported.

Abbreviations: EC, (−)-epicatechin; ECG, (−)-epicatechin gallate; EGC, (−)-
pigallocatechin; EGCG, (−)-epigallocatechingallate; PPO, polyphenol oxidase; IE,
mmobilized enzyme; CDI, 1,1-carbonyldiimidazole; TF, theaflavins.
� IHBT Publication #668.
∗ Corresponding author. Tel.: +91 1894 230454; fax: +91 1894 230433.

E-mail address: hps2152@yahoo.com (H.P. Singh).
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There were some reports on the synthesis of theaflavins from
ea polyphenols such as using an in vitro model fermentation sys-
em containing purified catechins and partially purified polyphenol
xidase from green tea shoots to form theaflavins and thearubigins
nd using the model system to assess the reaction conditions and
o improve black tea quality [12–16]. These reports provided useful
nformation on in vitro theaflavins biosynthesis albeit for different
xperimental purposes.

Keeping this in mind, the present work was undertaken to
ptimize the conditions for theaflavins bioprocessing using immo-
ilized tea polyphenol oxidase system with a view to attain the high
onversion efficiency of tea catechins into theaflavins in a cost effec-
ive manner and its easy recovery which is otherwise not achievable
uring black tea manufacture and also for effective utilization of
iocatalyst for commercial scale production of theaflavins.

Tea polyphenol oxidase (PPO, EC 1.10.3.1) is a copper-containing
nzyme which catalyses the oxidation of tea catechins into
heaflavins [17] is a moderately unstable enzyme, which is suscepti-
le to inactivation at elevated temperatures and extreme conditions

f pH. It also tends to lose its catalytic activity upon storage [18],
hich ultimately restricts its commercial applications. Immobi-

ization confers stability to the enzyme against denaturation by
reventing conformational changes and protecting it in a confined
icroenvironment. Immobilized enzyme system has the advantage

http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
mailto:hps2152@yahoo.com
dx.doi.org/10.1016/j.molcatb.2008.05.016
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Fig. 1. Chemical structure of theaflavins.

f multiple and effective use of the enzyme. The even distribu-
ion in substrate solution, enhanced rates, higher thermal stability,
asy handling and separation of reaction product besides repeated
urnovers are some of the accrued benefits of the system and
ownstream processing and up scaling. Introduction of cellulose as
atrix for immobilization of tea PPO was primarily on considera-

ion of its low cost, over abundance, being a natural water insoluble
olymer and presence of suitable groups for activation and coupling
f the enzyme.

. Experimental

.1. Materials

Cellulose was purchased from Schleicher & Schull Gmbh (Ger-
any). 1,1-Carbonyldiimidazole, theaflavins and BSA were from
/s Sigma–Aldrich (St. Louis, MO, USA). Solvents and all other

eagents were from Merck (Darmstadt, Germany) and are of ana-
ytical grade.

.2. Enzyme production

Tea polyphenol oxidase was extracted from young tea shoots
omprising of two leaves and an apical bud according to a published
ethod [19]. In brief, the acetone powder was made by homoge-

izing the tea shoots in chilled (−20 ◦C) acetone. The homogenate
as filtered and retentate was washed free of phenolics, first with

hilled acetone then with cold aqueous acetone and finally again
ith acetone. The acetone powder was dried, homogenized with
istilled water and filtered through cotton-wool over a funnel, the
ltrate was rejected and bound enzyme was eluted from residue
ith 0.2 M Na2SO4.

.3. Substrate production and purification
The tea substrate (catechins) was prepared from young tea
hoots. In brief, tea shoots were first steamed to deactivate
PO activity and then making hydro extract which then passed
hrough column containing HP-20 resin which specifically adsorbs

o
b
p
1
p

ysis B: Enzymatic 56 (2009) 253–258

atechins. The catechins were then eluted with ethanol and spray
ried. The extracted catechins were 90% in purity, containing 16.13%
GC, 9.17% EC, 26.26% EGCG, 11.0% ECG and less than 1% caffeine.

.4. Activation of cellulose

The cellulose was activated for immobilization of tea PPO
hrough carbonyldiimidazole method by activation of hydroxyl
roups of cellulose with 1,1-carbonyldiimidazole [20,21]. Five-gram
ellulose was added to 60 mM CDI in dichloromethane taken in a
at bottom flask, maintained at temperature 4 ◦C in an ice-bath.
he reaction mixture was kept in an incubator shaker at 20 ◦C and
50 rpm for 1 h. After incubation, the reaction mixture was filtered
hrough Buchner funnel using Whatman filter paper #14, washed
ith 25 ml dichloromethane and dried under vacuum. The matrix

o formed was kept in a fridge at 4 ◦C till further use.

.5. Immobilization of polyphenoloxidase

Ten-milliter crude tea PPO (12 mg proteins) was added to
DI activated cellulose (1.0 g) suspended in 5.0 ml 0.1 M sodium
hosphate buffer solution (pH 6.2) in a plastic beaker. The immobi-

ization reaction was carried out at 25 ◦C in an incubator shaker at
00 rpm for 1 h. After incubation, the immobilized PPO was washed
ith water and 0.1 M 6.2 pH sodium phosphate buffer solution sev-

ral times to remove any unbound enzyme and filtered through
unnel using Whatman filter paper #14 and stored at 4 ◦C until use.

.6. Assay of PPO activity

The PPO activity was measured by monitoring the consump-
ion of oxygen with an oxygraph using Clark type oxygen electrode
aving sensitivity in the range of 0.01–500 nmol/(ml min) at 20 ◦C
Hansatech, USA). The reaction was initiated by the addition of
ppropriate amount of the enzyme to the reaction mixture and
nitial uptake of oxygen consumption was measured. Enzyme
reparation (25.0–100.0 �l) was added to the reaction mixture con-
aining 1.5 ml of 0.1 M Na2SO4 and 0.9 ml of 10 mM d(+)-catechin
s substrate to achieve linear rates in the range of nmol/min. One
nit of enzyme activity was defined as the amount of enzyme
hich consumed 1 �mol of O2 per minute at 20 ◦C by the use of

hermostatted water bath. Overall activity displayed as oxygen con-
umed and expressed as �mol/(min g) protein. The total protein
oncentration was determined by the Lowry method [22], using
ovine serum albumin as standard.

.7. Determination of the kinetic parameters of the free and
mmobilized enzyme

The kinetic constants were determined using d(+)-catechin as
ubstrate (in the concentrations range (5–30 mM) using free and
mmobilized PPO. The experiments were performed in triplicate
nd conducted under optimized assay conditions.

.8. Optimization of reaction conditions for bioproduction of
heaflavins

The reaction conditions which were optimized for bioproduc-
ion of theaflavins included pH, reaction temperature, reaction
ime, substrate conversion efficiency, reuse and storage stabilities

f the immobilized enzyme. Reaction temperature was determined
etween 25 and 60 ◦C by performing the reaction in 0.1 M sodium
hosphate buffer (pH 6.2) for 1 h at different temperatures and at
50 rpm. The effect of pH was also studied by using 0.1 M sodium
hosphate buffer (pH 5–7) and reaction was performed for 1 h at
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11.8 mg. Above this quantity, as the maximum charge of the matrix
was reached, a lower percentage of protein was immobilized. For
instance, when 36 mg protein was used, only about 32.7% of the
protein content was immobilized on matrix

Table 1
Optimization of immobilization of tea PPO on cellulose

Total activity loaded on 1.0 g of polymer, a 18.50
Proteins (mg) 12.00
Total specific activity of soluble PPO before immobilization, b (U/mg/) 1.54
K. Sharma et al. / Journal of Molecular

50 rpm. The influence of reaction time was determined after other
onditions were optimized keeping the concentration of enzyme
nd substrate constant in all the cases. To evaluate the reuse sta-
ility, the immobilized PPO, after each reaction with substrate,
as washed with water and reintroduced into fresh substrate to

tart the next batch of reaction. The process was repeated for 20
ycles. The storage stabilities of the immobilized PPO was deter-
ined by incubating the enzyme in 0.1 M sodium phosphate buffer

olution (6.2 pH) at 4 and 30 ◦C up to 1 month and assayed for
esidual activity at predetermined times. At last, the substrate
onversion efficiency of immobilized enzyme was determined by
arying the concentration of substrate and keeping the concentra-
ion of enzyme constant under optimized reaction conditions. All
he experiments were performed in triplicate.

.9. Biotransformation of tea catechins into theaflavins

The appropriate amount of immobilized enzyme was taken in
plastic beaker and aqueous solution of catechins was added.

he whole mixture was then incubated in an incubator shaker at
50 rpm for 1 h under optimized conditions of temperature and pH.
fter incubation, the product formed was filtered through What-
an filter paper #14 and matrix bound residual product was eluted
ith 30% acetone (v/v), and the immobilized enzyme matrix regen-

rated by washing with distilled water.

.10. Purification of theaflavins

The bioprocessed aqueous theaflavins extract was then puri-
ed through RP-18. The aqueous solution of theaflavins was passed
hrough RP-18 silica column which adsorbed all the theaflavins and
et through unwanted polyphenols and flavonoids. The absorbed
heaflavins were eluted with 40% ethanol and then lyophilized
sing Savant (Savant, USA) vacuum concentrator.

.11. HPLC analysis of bioprocessed theaflavins

The HPLC analysis of bioprocessed theaflavins was performed
sing a Shimadzu (Shimadzu, Tokyo, Japan) liquid chromatography
odular system consisting of two LC-10AD pumps, an UV Shimadzu

PD M10A UV–Vis detector, inline degasser and an LC WorkStation
lass LC10 system for data processing. The samples were introduced
sing an injection valve fitted with a 20 �l loop (Rheodyne, Cal-

fornia, USA). The chromatographic separation was performed on
henomenex analytical column (LUNA C18 (2) 250 mm × 4.6 mm

.D.) packed with 5 �m silica. The two mobile phases: (A) acetoni-
rile and (B) water containing 0.01% (v/v) trifluoroacetic acid were
sed with a linear gradient elution as follows: 0–3 min, 20% A;
–10 min, 30% A; 10–12 min, 35% A; 12–15 min, 30% A; 15–20 min,
0% A; at a flow rate of 1.0 ml/min. The detection wavelength was
et at 270 nm. The column temperature was 32 ◦C, and the injection
olume of samples was 20 �l.

.12. ESI-QTOF-MS spectrometry of bio-processed theaflavins

The ESI-QTOF-MS/MS spectrometry of bio-processed
heaflavins was carried out with Waters Q-TOF micro using

ass Lynx software. The sample was introduced into the ESI

nterface. The negative ion polarity mode was set for ESI ion source

ith the voltage on the ESI interface maintained at approximately
kV. The structural information of the theaflavins was obtained
y tandem mass spectrometry (MS/MS) through electron spray
onization.

I
P
S
%
%

Fig. 2. (A) CDI activation of the support (cellulose) and (B) enzyme coupling.

. Results and discussion

.1. Enzyme immobilization

For the covalent immobilization of an enzyme on to an inert
upport, two discrete chemical processes are required. Initially, the
ctivation of support with an appropriate agent and secondly, cou-
ling of enzyme to the activated support. We preferred to use CDI
or the activation step over other methods because of its ease for
he activation of free hydroxyl groups on support as an active car-
onylating agent and its particular suitability of the enzyme system
sed [23,24]. An important advantage of the CDI method compared
o the standard cyanogens bromide method is the absence of the
ny charged groups introduced by the functional groups of the acti-
ation reagent during both the activation and ligand coupling steps
s assessed over the pH range normally used. Beside this, CDI is a
on-toxic reagent and reaction could be handled under mild con-
itions.

There are many reports in the literature that covalent binding
s the best way to immobilize enzymes. However, the expensive
ost of supports used in these processes has limited the general
pplication of these protocols [25–27]. In the present work, choice
f cellulose as a support was justified by its very low cost and simple
ctivation with CDI. The activated matrix reacts smoothly with N-
ucleophiles such as free amino groups in enzymes. The reaction
cheme for activation and coupling involves the covalent bonding
etween enzyme and matrix as shown in Fig. 2. Table 1 shows the
ecovery of the enzyme activity. It can be noted from this table that
he immobilized enzyme exhibited 83.58% retention of specific PPO
ctivity when the ratio of protein/matrix was up to 11.8 mg/g. Fig. 3
resents the effect of the enzyme added to the matrix. It can be
oted that the protein content was immobilized on 1 g matrix up to
mmobilized PPO activity of 1.0 g of polymer, c 15.20
roteins (mg/g of polymer) 11.80
pecific activity of immobilized PPO (U/g), d 1.29
PPO activity, c/a × 100 82.16
retention of specific activity, d/b × 100 83.58
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Fig. 3. Effects of enzyme loading on the CDI activated cellulose for immobilization
of polyphenol oxidase. Different amounts of PPO (6, 12, 18 and 36 mg) were added
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Fig. 4. pH optimum of immobilized enzyme for bioproduction of theaflavins. The
reaction was performed by adding 0.1 g catechins in the reaction mixture containing
0.5 g immobilized PPO (6 mg proteins) dissolved in 2.5 ml 0.1 M sodium phosphate
buffer (pH 5, 5.5, 6, 6.5 and 7) at 37 ◦C.
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the immobilized enzyme is an important parameter for commer-
cial production of theaflavins. The results listed in Tables 3 and 4
shows that the immobilized polyphenol oxidase was stable over a
long period of storage and after many times of use for theaflavins
biosynthesis. After 15 times of usage, the enzyme still had 94% of its
o 1.0 g of CDI activated cellulose, and immobilization was performed using 0.1 M
odium phosphate buffer (6.2 pH). The immobilized enzyme was washed succes-
ively with same buffer until no proteins were released. The results presented for
ach experimental conditions expressed are the mean value of three replications.

.2. Enzyme kinetics of immobilized PPO

Kinetic parameters investigated in the present study include
he maximum reaction rate (Vmax) of the enzymatic reaction and
he Michaelis–Menten constant (Km) which defines the affinity of
nzyme toward its substrate. These parameters were obtained from
ineweaver–Burk Plot which is a plot of 1/V0 against 1/[S0] for sys-
ems obeying the Michaelis–Menten equation. The Km for free and
mmobilized PPO thus obtained using catechins as substrates were
.57 and 4.76 mM, respectively (Table 4). When we compare the Km

alues of free PPO with that of immobilized, very little differences
n Km values imply that the CDI activated cellulose matrix provide

more suitable microenvironment for immobilization of tea PPO
nd have similar kind of affinity against the catechins. The higher
max of immobilized PPO as compared to free enzyme (Table 2) is
n indication of more efficient turnover of the substrate towards
roduct formation due to removal of inhibitors present in crude
nzyme solution during immobilization steps and change in the
icroenvironment of the native enzyme.

.3. Optimization of reaction conditions for bioproduction of
heaflavins

A number of reaction parameters affecting the bioproduction
f theaflavins were optimized to maximize theaflavins production.
irstly, the pH optima of the reaction mixture was determined and
as found to be 5.9. The product formation below pH 5 was dras-

ically reduced due to acidic reaction conditions and above pH 6.5
he product formation was affected due to approaching alkaline
onditions and auto-oxidation of the formed product (Fig. 4). The
ptimum temperature for bioprocessing of theaflavins was found
o be 37.5 ◦C as shown in Fig. 5. Tea PPO has an optimum pH of
.5 and optimum temperature 37 ◦C toward (+)-catechin, and the
hysiological pH in the tea leaf ranges from 5.4 to 5.6 [28]. The
road stability over temperature and pH as seen in the present

tudy could be due to modified enzyme environment in an immo-
ilized enzyme system [17]. The influence of reaction time was also
etermined after conditions for pH and temperature were opti-
ized and it was found that there was complete conversion of

vailable catechins into theaflavins at 1 h but after 1 h the product

able 2
inetic constants for free and immobilized PPOa

nzyme Vmax (nmol/min) Km (mM)

ree 0.33 ± 0.02 3.57 ± 0.07
mmobilized PPO 20.00 ± 1.80 4.76 ± 0.08

a Data expressed as mean (n = 3) ± S.D.

F
b
(
f

ig. 5. Temperature optimum of immobilized enzyme for bioproduction of
heaflavins. The reaction was performed by adding 0.1 g catechins in the reaction

ixture containing 0.5 g immobilized PPO (6 mg proteins) dissolved in 2.5 ml 0.1 M
odium phosphate buffer (pH 5.9) at different temperatures (20–60 ◦C).

ormation was affected mainly due to the auto-oxidation of formed
roduct as shown in Fig. 6. The substrate conversion efficiency of

mmobilized enzyme was determined by keeping the concentra-
ion of immobilized enzyme (enzyme proteins) fixed at 2.0 mg and
he concentration of catechins was varied and it was found that
mg protein equivalent of immobilized enzyme convert 25 mg of
atechins into theaflavins but at higher concentration of catechins
p to 1000 mg there is complete enzyme inhibition (Fig. 7). The
bserved continuous number of turnovers with I.E., i.e. bioconver-
ion of catechins into theaflavins without any loss of activity was
een for first 14 numbers of batches thereafter linear loss of effi-
iency occurred and by the twenty second number of batch near
omplete loss of activity has been observed (Fig. 8). The stability of
ig. 6. Reaction time for bioproduction of theaflavins. The reaction was performed
y adding 0.1 g catechins in the reaction mixture containing 0.5 g immobilized PPO
6 mg proteins) dissolved in 2.5 ml 0.1 M sodium phosphate buffer (pH 5.9) at 37.5 ◦C
or different interval of times (1/2–2 h).
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Fig. 7. Substrate conversion efficiency of immobilized enzyme for bioproduction of
theaflavins.

Fig. 8. Reuse stability of immobilized enzyme for bioproduction of theaflavins. The
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eaction was performed by adding 0.1 g catechins in the reaction mixture containing
.5 g immobilized PPO (6 mg proteins) dissolved in 2.5 ml 0.1 M sodium phosphate
uffer (pH 5.9) at 37.5 ◦C.

riginal activity. After 30 days storage in 0.1 M sodium phosphate
uffer (pH 6.2) at 4 ◦C, the enzyme had 90% of its original activity.
hese results indicate that the immobilization method is effective

or achieving high stability of the immobilized polyphenoloxidase
ystem. Thus the matrix bound tea polyphenol oxidase is unique
n terms of its high reactivity towards tea substrates, reusability
observed 14 number of times) without losing any activity, non-

able 3
ield of theaflavins in batch operations of the immobilized polyphenoloxidase

ime of
sage

Amount of proteins
(I.E.) (mg)

Amount of
catechins added (g)

Yield of
theaflavin (g)

1 125 3.2 2.76 (86.2)
5 125 3.2 2.75 (85.9)

10 125 3.2 2.73 (85.3)
15 125 3.2 2.61 (81.5)
0 125 3.2 1.36 (42.5)

igures in parentheses represent percent conversion of catechins into theaflavins.

able 4
nzyme activity on different storage days of the immobilized polyphenol oxidase

torage days Activity (Units)

At 30 ◦C At 4 ◦C

1 0.128 0.128
7 0.098 0.128
1 0.032 0.128
0 0.012 0.127
5 – 0.125
0 – 0.116

t
e
i
1

i
d

ig. 9. (A) HPLC chromatograms of reference standard (theaflavins). (B) Biopro-
essed theaflavins. Peak 1 refers to theaflavins 1 (TF 1), peak 2 to TF 2, peak 3 to
F 3, and peak 4 to TF 4.

dherence of formed product to matrix thus allaying fear of product
oisoning of matrix bound enzyme system.

The bioconversion of catechins into theaflavins with polyphe-
oloxidase has been reported but with immobilized polyphenol
xidase very little work has been done. The immobilized PPO has
een found to convert the mixed catechins into theaflavins and
chieved 14 turnovers with same conversion efficiency. However,
fter 14 turnovers the linear loss of activity was observed till twen-
ieth turnover when there is no appreciable product is formed with
he same time. The linear loss after 14 number of turnovers may be
ue to number of factors such as enzyme fatigue, slow poisoning of

mmobilized enzyme by quinones, protein conformation, etc. Thus,
he optimum reaction conditions for biotransformation of tea cat-
chins into theaflavins were achievable at 1 mg protein equivalent
mmobilized enzyme, 0.04 g catechins at pH 5.9 and incubation for

h at 37.5 ◦C.

Although the green tea shoots has 15–30% of catechins but dur-
ng black tea manufacture only 0.4–1.8% theaflavins are formed
ue to uncontrolled reaction conditions leading towards non-

Fig. 10. ESI-QTOF-MS spectrum of bioprocessed theaflavins.
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heaflavins like products but the immobilized enzyme system
eveloped in the present study convert all the available catechins

nto theaflavins with 85% conversion efficiency, i.e. 85% conversion
f catechins into theaflavins.

.4. Chemical characterization of bioprocessed theaflavins

The HPLC chromatogram of theaflavins after purification with
P-18 showed the characteristic four peaks of TF1, TF2, TF3 and
F4 and was compared with reference standard, their retention
imes being found to match well (Fig. 9). The theaflavins were
lso characterized by ESI-QTOF-MS spectroscopy as they gener-
ted molecular ion peaks (M−H)− at m/z 867.9534, 715.7807 and
63.6000 corresponding to the molecular formulae of TFDG, TFMG
nd TF, respectively (Fig. 10).

. Conclusions

An effective enzymatic method based on the immobi-
ization of tea polyphenoloxidase on cellulose after suit-
ble activation with 1,1-carbonyldiimidazole for activation of
ydroxyl groups of cellulose was developed for the bio-
ransformation of tea catechins into theaflavins, an impor-
ant antioxidant that can be exploited as dietary supple-

ent in foods and beverages or as pharmaceutical/cosmetic
se.

cknowledgements
Author (KS) is indebted to Council of Scientific and Indus-
rial Research (CSIR), New Delhi, India, for the award of a
enior Research Fellowship. We gratefully acknowledge Director,
HBT, Palampur, for his keen interest and encouragement in this
ork.

[
[

[

[

ysis B: Enzymatic 56 (2009) 253–258

eferences

[1] S.C. Opie, M.N. Clifford, A. Robertson, J. Sci. Food Agric. 63 (1993) 435–438.
[2] Y. Takino, H. Imagawa, H. Horikawa, A. Tanaka, Agric. Biol. Chem. 28 (1964)

64–71.
[3] E.A.H. Roberts, D.J. Wood, Biochem. J. 47 (1950) 175–186.
[4] D.J. Millin, D.J. Crispin, D. Swaine, J. Agric. Food Chem. 17 (1969) 717–722.
[5] C. Powell, M.N. Clifford, S. Opie, A. Robertson, C. Gibson, J. Sci. Food Agric. 63

(1992) 77–86.
[6] M. Shiraki, Y. Hara, T. Osawa, H. Kumon, T. Nakayama, S. Kawakishi, Mutat. Res.

323 (1994) 29–34.
[7] K. Yoshino, Y. Hara, M. Sano, I. Tomita, Biol. Pharm. Bull. 17 (1994) 146–149.
[8] H. Yoshida, T. Ishikawa, H. Hosoai, M. Suzukawa, M. Ayaori, T. Hisada, S. Sawada,

A. Yonemura, K. Higashi, T. Ito, K. Nakajima, T. Yamashita, K. Tomiyasu, M.
Nishiwaki, F. Ohsuzu, H. Nakamura, Biochem. Pharmacol. 58 (1999) 1695–1703.

[9] Z. Apostolides, D.A. Balentine, M.E. Harbowy, Y. Hara, J.H. Weisburger, Mutat.
Res. 389 (1997) 167–172.

10] S. Gupta, B. Saha, A.K. Giri, Mutat. Res. 512 (2002) 37–65.
11] Q. Feng, Y. Torii, K. Uchida, Y. Nakamura, Y. Hara, T. Osawa, J. Agric. Food Chem.

50 (2002) 213–220.
12] A. Robertson, Phytochemistry 22 (1983) 889–896.
13] A. Robertson, Phytochemistry 22 (1983) 897–903.
14] S. Sang, J.D. Lambert, S. Tian, J. Hong, Z. Hou, J.H. Ryu, R.E. Stark, R.T. Rosen, M.T.

Huang, C.S. Yang, C.T. Ho, Bioorg. Med. Chem. 12 (2004) 459–467.
15] L. Li, W. Xiao, J. Tea Sci. 22 (2002) 119–124.
16] N. Subramanian, P. Venkatesh, S. Ganguli, V.P. Sinkar, J. Agric. Food Chem. 47

(1999) 2571–2578.
17] R.P.F. Gregory, D.S. Bendall, Biochem. J. 101 (1966) 569–581.
18] D. Kertez, G. Rotilio, M. Brunori, R. Zito, E. Antonini, Biochem. Biophys. Res.

Commun. 49 (1972) 1208–1215.
19] H.P. Singh, S.D. Ravindranath, J. Sci. Food Agric. 64 (1994) 117–120.
20] G.T. Hermanson, A.K. Mallia, P.K. Smith, Immobilized Affinity Ligand Tech-

niques, Academic Press, San Diego, 1992, pp. 64, 85.
21] G.S. Bethell, J.S. Ayers, W.S. Hancok, J. Biol. Chem. 254 (1979) 2572–2574.
22] O.H. Lowry, N.J. Rosebrough, A.L. Farr, R.J. Randall, J. Biol. Chem. 193 (1951)

265–275.
23] M.Y. Arica, Polym. Int. 49 (2000) 775–781.
24] S. Onal, A. Telefoncu, Art. Cells, Blood Subs. Biotechnol. 31 (2003) 19–33.

25] L.A. Delgado, M.E.H. Lara, M.C.M. Horcasitas, Food Chem. 99 (2006) 299–304.
26] Z. Knezevic, N. Milosavic, D. Bezbranca, Z. Jakovljevic, R. Prodanovic, Biochem.

Eng. J. 30 (2006) 269.
27] M.T. Martı́n, F.J. Plou, M. Alcalde, A. Ballesteros, J. Mol. Catal. B: Enzyme 21

(2003) 299–308.
28] P. Coggon, G.A. Moss, G.W. Sanderson, Phytochemistry 12 (1973) 1947–1955.


	Biotransformation of tea catechins into theaflavins with immobilized polyphenol oxidase
	Introduction
	Experimental
	Materials
	Enzyme production
	Substrate production and purification
	Activation of cellulose
	Immobilization of polyphenoloxidase
	Assay of PPO activity
	Determination of the kinetic parameters of the free and immobilized enzyme
	Optimization of reaction conditions for bioproduction of theaflavins
	Biotransformation of tea catechins into theaflavins
	Purification of theaflavins
	HPLC analysis of bioprocessed theaflavins
	ESI-QTOF-MS spectrometry of bio-processed theaflavins

	Results and discussion
	Enzyme immobilization
	Enzyme kinetics of immobilized PPO
	Optimization of reaction conditions for bioproduction of theaflavins
	Chemical characterization of bioprocessed theaflavins

	Conclusions
	Acknowledgements
	References


