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bstract

Polyketone polymer [ CO CH2CH2 ]n , obtained by copolymerization of ethene and carbon monoxide, is utilized for
mmobilization of three different enzymes, one peroxidase from horseradish (HRP) and two amine oxidases, from bovine serum
BSAO) and lentil seedlings (LSAO). The easy immobilization procedure is carried out in diluted buffer, at pH 7.0 and 3 ◦C,
ently mixing the proteins with the polymer. No bifunctional reagents and spacer arms are required for the immobilization, which
ccurs exclusively via a large number of hydrogen bonds between the carbonyl groups of the polymer and the NH groups of the
olypeptidic chain. Experiments demonstrate a high linking capacity of polymer for BSAO and an extraordinary strong linkage
or LSAO. Moreover, activity measurements demonstrate that immobilized LSAO totally retains the catalytic characteristics of

he free enzyme, where only a limited increase of KM value is observed. Finally, the HRP-activated polymer is successfully used
s active packed bed of an enzymatic reactor for continuous flow conversion and flow injection analysis of hydrogen peroxide
ontaining solutions.
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. Introduction
Even though the enzyme immobilization is stud-
ed since the second half of the 20th Century (Carr
nd Bowers, 1980 and references therein; Kennedy
nd White, 1985 and references therein; Gacesa
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nd Hubble, 1987), it is still of particular interest
Cao, 2005; Bornscheuer, 2005). Recent studies are
ddressed towards all fields of the enzyme immo-
ilization to find new applications in all kinds of
he enzyme biotechnology, in particular for biomed-
cal applications (Liang et al., 2000; Demers et
l., 2002), biosensors (D’Souza, 2001), analytical
eterminations (Wu and Cheng, 2005; Vila and
ubino, 2001), biotransformations also in organic
olvents (Faber, 1999; Ogino and Ishikawa, 2001;
rroyo et al., 2003), synthesis of bioactive com-
ounds (Garcı̀a-Junceda et al., 2004), and analyti-
al and preparative separations (Girelli and Mattei,
005; Podgornik and Tennikova, 2002). Moreover,
umerous papers have been published concerning
ew supports for heterogeneous enzymatic cataly-
is (Kohli and Martin, 2003; Nahalka et al., 2003;
utler, 2000; Merkel et al., 2005), with particular
ttention to membranes and polymeric films (Rauf
t al., 2006; Biegunski et al., 2006), and nan-
tubes (Kandimalla and Ju, 2006; Martin and Kohli,
003).

Polymers are used as drug controlled deliv-
ry devices (Gayet and Fortier, 1995) and as a
atrix for proteins immobilization (D’Urso et al.,

995). Modification of the surface of enzymes,
sing synthetic biocompatible polymers such as
oly(ethylene glycol) (PEG) of various molecu-
ar masses (Fortier, 1994; Veronese and Morpurgo,
999), is a well established tool to increase the
unctional stability of the proteins and to diminish
heir blood clearance as well as their immunogenic-
ty.

Investigating new solid supports, we have focal-
zed our attention on a perfectly alternating polyketone
hich presents a high density of keto groups and, there-

ore, it has the potentiality to give a large number of
ydrogen bonds with the NH amidic groups of the
nzyme surface.

In this work we demonstrate the high immobilizing
apacity of the polyketone polymer with respect to
ifferent enzymes – horseradish peroxidase (HRP)
nd two copper/TPQ containing amine oxidases
BSAO and LSAO) – with retention of the catalytic

ctivity and the possibility to use the immobilized
nzyme as heterogeneous catalyst of a plug flow
icroreactor inserted into a flow injection analysis

ystem.

a

a
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. Materials and methods

.1. Reagents, enzymes and supports

All reagents were purchased from Sigma and used
ithout further purification. The perfectly alternat-

ng polyketone polymer was synthesized from carbon
onoxide and ethene, using [PdCl2(dppp)] as catalyst

recursor in H2O CH3COOH as solvent, according
o Vavasori et al. (2004). The polyketone showed a
imit viscosity number of 0.55 dl/g in m-cresol at 25 ◦C,
hich corresponded to an average viscosity molecu-

ar weight of 25,000 u.m.a. (Lommerts and Sikkema,
000). The white fine powder of the polymer was used
ithout further treatments.
Type II HRP [donor: hydrogen peroxide oxidore-

uctase, E.C. 1.11.1.7] was from Sigma and had a
pecific activity of 200 units per mg solid, using pyro-
allol as substrate.

AO [amine: oxygen oxidoreductase (deaminating)
copper containing); E.C. 1.4.3.6] from Lens esculenta
eedlings (LSAO) was prepared according to Floris et
l. (1983) and had a specific activity of 110 IU/mg of
rotein using putrescine as substrate. AO from bovine
erum (BSAO) was purified according to Turini et al.
1982) with minor modifications and showed a specific
ctivity of 0.28 IU/mg of protein. One IU corresponds
o 1 �mol substrate oxidized per min at 25 ◦C.

Spectrophotometric measurements were carried out
sing a Beckman DU 640 instrument.

.2. Voidage measurement

The voidage, i.e. the ratio between the liquid volume
nd the volume of the polymer slurry equilibrated with
ater, was measured adding a known volume of water

o 500 mg of polymer powder until a thin layer of water
as over the completely hydrated slurry. The liquid
olume is the difference between the added volume
f water and the supernatant volume. The difference
etween the slurry volume and the liquid volume is the
olume of the polymer.

.3. Determination of the amount of the water

ccessible keto groups

It has been followed the analytical method of Roe
nd Mitchell (1951) based on the titration with hydrox-
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lamine hydrochloride of the polymer carbonyl groups
nd recording the pH variation due to the hydrogen
ons produced by the reaction. The correlation between
he pH change and the carbonyl concentration was
btained by a calibration curve previously drawn using
cetone as reference standard.

.4. Immobilization procedure

The enzyme immobilization was carried out by gen-
ly mixing end-over-end at 3 ◦C for different time (gen-
rally 20 h) the polymer powder, previously washed
epeatedly with distilled water, with the enzyme dis-
olved in 10 mM potassium phosphate buffer, pH 7.0.
liquots of the supernatant were drawn up to verify the

dvancement of the immobilization.

.5. Determination of the linkage efficiency

For all the three proteins, the amount of linked
nzyme was determined by measuring both the activ-
ty and the residual protein content on the supernatant
olution. The protein content was determined using the
ollowing absorbance values:

nzyme λ ε

RP 401 63,000
SAO 278 390,000
SAO 280 245,000

.6. Activity measurement

HRP activity was measured, in the presence of
ydrogen peroxide, by monitoring the initial rate of
bsorbance increasing at 511 nm of the colored dye
roduced by the catalyzed peroxidative reaction of
wo leuco dyes, 4-aminophenazone and 3,5-dichloro-2-
ydroxybenzensulfonic acid, using a molar absorbance
alue of 2.3 × 104 M−1 cm−1. The amount of linked
nzyme was calculated by the difference between the
nitial rate values of the supernatant at the start and at
he end of the linked reaction.
BSAO activity was measured by monitoring H2O2
roduction, originated by the oxidative deamination of
he substrate spermine, at 511 nm using a HRP–dyes
oupled assay, according to the following reactions

s
b
b
a
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Stevanato et al., 1990; Wilmot, 2003):

CH2 NH2 + H2O + O2
AO−→ R CHO

+ H2O2 + NH3

yered + 2H2O2
HRP−→ Dyeox + 4H2O

LSAO activity was measured recording the oxygen
ptake by a Clark electrode, using 1,4-diaminebutane
putrescine) as substrate as previously reported (Floris
t al., 1983).

.7. Flow injection analysis system

The flow injection analysis system was made up
f the following components: a Beckman 112 Sol-
ent Delivery Module pump connected with an Altex
13A injection valve equipped with a 230 �l loop; an
mersham Biosciences Tricorn 5/20 column (volume
90 �l) filled with the immobilized enzyme; a Beck-
an DU 7 spectrophotometer as detector coupled with
quartz flow cell (Hellma) characterized by a 8 �l cell
olume. The temperature was assured by a Haake F3
hermostat.

. Results

.1. The polyketone polymer

The palladium-catalyzed copolymerization of
thene and carbon monoxide produces an alternating
olyketone of a high crystallinity (Sommazzi and
arbassi, 1997; Vavasori et al., 2004) of general

ormula:

Due to the close presence of the polar keto
roups, the polymer presents a high liquid volume
alue (8.2 ml/g), larger than twice of the commercial

epharoses (Amersham Biosciences, 2002), probably
ecause of the high possibility of hydrogen bonds
etween the keto groups and the water molecules,
nd no restriction due to cross bonds are present.
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Table 1
Average viscosity molecular weight (Mw), liquid volume and voidage
of the polyketone

Mw Slurry volume
(Vs) (ml/g
polymer)

Liquid volume
(Vl) (ml/g
polymer)

Voidage ε = Vl/Vs

25,000 9.2 8.2 0.89
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ig. 1. Titration of the water accessible carbonyl groups present in
he polyketone polymer.

ome characteristics of the polyketone are reported in
able 1.

The ability of the polyketone polymer to link pro-
eins was correlated to the carbonyl groups accessible to
he solvent. Thus, we titrated the carbonyl groups of the
olymer with hydroxylamine hydrochloride, according
o the method of Roe (Roe and Mitchell, 1951). Fig. 1
hows the concentration of carbonyl groups per gram
olymer versus the concentration of added hydroxy-
amine hydrochloride. A value of about 9.6 meq car-
onyl groups per gram polymer is obtained. Consider-

ng that the polymer presented a carbonyl group every
6 u.m.a., corresponding to a theoretical value of about
8 meq/g polymer, the carbonyl groups accessible to
ater represents about 53% of the total.

i

(
o

able 2
mmobilization tests using the three different enzymes

Enzyme Polymer
amount (g)

Enzyme
added (units)

Contact time (h) Enzy

BSAO 0.1 0.62 a 0.62
LSAO 0.1 115 20 85
HRP 0.1 200 20 49

a The enzyme was added by consecutive aliquots. The overall time was se
ig. 2. Linking ability of polyketone polymer with respect to BSAO.

.2. Immobilization of BSAO on polyketone
olymer

Fig. 2 shows the linking ability of the polymer
o BSAO, expressed as number of linked enzymatic
nits versus the number of total added enzymatic
nits. To the batch, consisting in 100 mg of polymer
uspended in 900 �l of a 10 mM phosphate buffered
olution, pH 7.0, containing 150 mM NaCl, 11 con-
ecutive aliquots of 100 �l BSAO (11 �M; 0.06 units)
ere added, mixing gently end-over-end at 3 ◦C, until
o protein content and BSAO activity in the super-
atant were recorded after each addition. No linkage
eagents or spacer arms is required for the protein
mmobilization. Considering the trend of the graph, we
ypothesize that the linking ability of the polymer is
ot exhausted and a larger amount of enzyme could be

mmobilized.

Similar results are obtained using HRP or LSAO
Table 2); the different yields of linked enzymes
btained are probably due to the different protein

me linked (units) Enzyme
immobilization (%)

[Enzyme]slurry

units/ml mg/ml

100 0.66 2.36
73.9 92 0.84
24.5 53 0.27

veral days.
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oncentrations or, particularly in the case of the
ommercial peroxidase, to the poor enzyme purity.

.3. Catalytic characteristic of linked LSAO

In the case of LSAO, several experiments were car-
ied out in order to test the linkage stability. In par-
icular, a repeated washing of the polymer supported
nzyme with 1 M phosphate buffer and 1 M NaCl did
ot take off the enzyme from the polymer. In order to
erify the activity retention of the immobilized enzyme,
nitial rate measurements of the LSAO-activated poly-

er were carried out by recording the oxygen con-
umption by a Clark electrode. Some parameters of
unctionality and stability of the activated polymer
ere also calculated and the results are reported in
able 3 and in Figs. 3 and 4, in comparison with those
elated to the free enzyme found following the kinetic
rocedures of Moosavi-Nejad et al. (2001) and Floris
t al. (1983).

From the data reported in Table 3 it appears that
he catalytic characteristic of the free enzyme is well
reserved after immobilization. The slight increase of
he KM value could depend on: (i) restricted mobility of
he linked enzyme; (ii) structural perturbations of the
rotein and the tightening of the access of the reactant

o the enzyme’s active site; (iii) external mass transfer
esistance (Gacesa and Hubble, 1987).

The pH curves, clearly similar in native and immo-
ilized LSAO, suggest that the linkage between the

able 3
ctivity and stability parameters of linked and free lentil seedling

mine oxidase

LSAO

Free Linked

M (mM) 0.2 0.5
emperature of maximum
activity (◦C)a

55 55

emperature of inactivation
(◦C)a

60 60

emperature of slope
discontinuity in the
Arrhenius plot (◦C)a

30 30

H of maximum activityb 7.0 7.0

a Moosavi-Nejad et al. (2001).
b Floris et al. (1983).

i

F
L
t

*). (�) and (�) represent the immobilized LSAO on polyketone
olymer using the same buffer as the free enzyme.

olyketone and LSAO might occur via hydrogen bond
n the surface amidic group of the polypeptide chain,
ithout involving in any case the active site of the

nzyme.
Also in the case of the behaviors of activity with
mmobilized LSAO is observed (Fig. 4).

ig. 4. Effect of temperature on the rate of the reaction catalyzed by
SAO. Standard assay conditions were used. Asterisks (*) represent

he immobilized LSAO on polyketone polymer.
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Fig. 5. Block diagram of t

.4. Biotechnological applications of polyketone
olymer immobilized peroxidase

The water permeability of the polyketone poly-
er was measured by recording the resistance to the

ressure due to the polymer packed into a flow col-
mn (inside diameter 5 mm; length 20 mm). Different
xperiments, carried out using several buffers of differ-
nt concentrations, demonstrated negligible values of
ydrostatic pressure resistance (P [2 bar) working till
ow rates of 5 ml/min. The same column was filled with

he peroxidase-activated polymer (63 units/ml slurry)
nd the enzyme reactor was inserted into the flow injec-

ion analysis system schematized in Fig. 5.

We used this system to carry out experiments of
nzymatic heterogeneous catalysis under two work-
ng conditions: continuous flow conversion and flow

w
g
b
b

ig. 6. Typical spectrophotometric responses to a continuous flow of buffered
0 �M H2O2, 3 mM 4-aminophenazone, 3 mM 3,5-dichloro-2-hydroxyben
as 2 ml/min and the temperature 22 ◦C. The reactor was completely fille

xperiments were carried out in different days until after two months from t
injection analysis system.

njection analysis. In the first case a continuous flow of
uffered H2O2 solution, containing the reduced dyes,
assed through the enzymatic reactor containing the
mmobilized peroxidase. In Fig. 6 some typical spec-
rophotometric responses to the absorbance increase
re reported.

Fig. 7 shows the spectrophotometric responses to
njections of 230 �l 5 �M H2O2 dissolved in phosphate
uffer containing the reduced dyes. In both the cases the
olor development confirmed that the catalytic activity
f the immobilized HRP was preserved. Furthermore,
everal months were elapsed between the enzymes
mmobilization and the biotechnological applications

ithout appreciable loss in activity; this evidenced a
ood stability of the enzyme and its long-lived immo-
ilization to the polyketone polymer, such as confirmed
y the good reproducibility of the experimental results.

H2O2 solution containing the reduced dyes. The solution contained
zensulfonic acid in 10 mM phosphate buffer, pH 7.0. The flow rate
d with 390 �l of 63 units/ml peroxidase-activated polymer. These
he immobilization. R.S.D. was less than 3%.
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Fig. 7. Spectrophotometric response to injection of 230 �l of 5 �M
H2O2 dissolved in 10 mM phosphate buffer, pH 7.0, containing the
reduced dyes. The carrier solution was the same without H2O2. The
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ther experimental conditions were the same of those reported in
ig. 6. The signal noise ratio was better than 40:1, whilst R.S.D. was

ess than 2.5%. The drift of the base line is an instrumental limit due
o the high scale expansion.

hen not used, the activated polymer was kept at 3 ◦C,
n 10 mM phosphate buffer, pH 7.0.

. Discussion

The polyketone, owing to its high number of keto
roups, can form hydrogen bonds with the NH groups
f the polypeptidic chain. In particular, the polyke-
one chain showing two consecutive carbonyl groups

pproximately separated by the same distance of six
ond lengths can lay between two consecutive NH
roups located on the same side of the polypeptide
hain (Fig. 8). Moreover, additional hydrogen bonds

ig. 8. Schematic representation of the possible hydrogen bonds
etween the carbonylic groups of the polyketone polymer and the
NH groups of the polypeptidic chain.

-

-

-

s
t
f
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etween the C O groups of the polymer and the
ositively charged or polar functional groups of the
minoacid lateral chains are also possible, making the
olyketone polymer a suitable support for enzyme
mmobilization.

The different length of the peptidic bond, which is
bout 15% shorter than a carbon–carbon bond, appears
ot to affect the possibility of a large number of hydro-
en bonds. This can be due to the flexibility of the
lobular structure of both the polymer and the proteins,
wing to the lack of cross bonds between different parts
f the polypeptidic and the polymeric chains.

In any case, the possibility of a large number of
ydrogen bonds, allowed by the chemical and steri-
al structure of the polymer, can account for its strong
mmobilization capacity. Furthermore, the catalytic
tability of the linked enzyme is assured by the same
nteractions, which give stability to the secondary and
ertiary structure of the enzymes.

. Conclusions

The interest of this study is summarized in the fol-
owing points:

the polyketone polymer is able to immobilize differ-
ent kinds of enzymes up to high concentrations;
the immobilization procedure is simple and it is car-
ried out in aqueous phase, gently mixing the protein
with the polymer in diluted buffer at neutral pH and
3 ◦C;
nor coupling or bifunctional reagents and spacer
arms are required for the immobilization, which
occurs exclusively via hydrogen bonds;
linked enzymes appear to be stable, maintaining
completely their catalytic properties for long time;
this is probably due to the type of bond, flexible and
compatible with the delicate protein structure;
the enzyme-activated polymer can be packed into
a microreactor for biotransformation or analytical
determinations.

In conclusion, the polyketone appears a promising
upport for enzyme immobilization for industrial bio-

ransformations, analytical determinations and mainly
or biomedical applications. In fact, the polyamine
egrading enzymes BSAO and LSAO are good can-
idates for immobilization into polyketone and also,
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or surface derivatization by biocompatible polymeric
tructures (Demers et al., 2001), with the aim of
ncreasing their plasmatic half-life or their target ability
nder injectable form.

Our future investigations will focus on synthesis
f biocompatible polymeric microparticles linked to
SAO and LSAO which function as carriers and sta-
ilizers, resulting in a decrease of drug toxicity and
n increase of anticancer therapeutic efficacy (Maeda
t al., 1992), a promising strategy particularly against
ultidrug resistant human cancer cells (Calcabrini et

l., 2002; Averill-Bates et al., 2005).
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