
Printed by Jouve, 75001 PARIS (FR)

(19)
E

P
2 

92
1 

55
3

A
1

TEPZZ 9 _55¥A_T
(11) EP 2 921 553 A1

(12) EUROPEAN PATENT APPLICATION

(43) Date of publication: 
23.09.2015 Bulletin 2015/39

(21) Application number: 14160765.5

(22) Date of filing: 19.03.2014

(51) Int Cl.:
C12N 11/04 (2006.01) C12N 11/08 (2006.01)

C12P 13/00 (2006.01)

(84) Designated Contracting States: 
AL AT BE BG CH CY CZ DE DK EE ES FI FR GB 
GR HR HU IE IS IT LI LT LU LV MC MK MT NL NO 
PL PT RO RS SE SI SK SM TR
Designated Extension States: 
BA ME

(71) Applicant: Leibniz-Institut für Polymerforschung 
Dresden e.V.
01069 Dresden (DE)

(72) Inventors:  
• Ionov, Leonid

01187 Dresden (DE)

• Dubey, Nidhi
01069 Dresden (DE)

• Tripathi, Bijay
01069 Dresden (DE)

• Stamm, Manfred
01705 Pesterwitz (DE)

(74) Representative: Andrae | Westendorp 
Patentanwälte Partnerschaft
Uhlandstraße 2
80336 München (DE)

(54) Enzymatic reactor system

(57) The invention relates to a enzymatic reactor sys-
tem comprising an enzyme capable of catalysing the re-
action ATP + Acetate + CoA → AMP + Pyrophosphate
+ Acetyl-CoA (1) immobilized on a polymer microgel,

wherein preferably said enzyme is an Acetyl-coenzyme
A synthetase, the use of the enzymatic reactor system
for the synthesis of Acetyl-CoA and a method for the prep-
aration of an enzymatic reactor system.
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Description

Technical field

[0001] The present invention relates to an enzymatic reactor system comprising an enzyme capable of catalyzing the
synthesis of Acetyl-CoA immobilized on a polymer microgel, the use of the enzymatic reactor system for the synthesis
of Acetyl-CoA and a method for the preparation of an enzymatic reactor system.

Background of the Invention

[0002] In the era of nanotechnology, different materials are being explored for biological application. Likewise nano
and submicron polymer particles have gained great interest in the field of biocatalysis. Latex particles are easy to
synthesize, and their properties can be tuned as per the process requirement.
[0003] Poly N-isopropylacrylamide (PNIPAm) microgel particles are extensively studied thermo-responsive material
due to pronounced thermal response near physiological temperature and well standardized synthetic protocols. Poly-
ethylenimine is a cationic pH sensitive polymer and has been used as a stabilizing agent for enzymes. It provides multiple
attachment point for enzyme and thus protects its quaternary structure. Enzymes such as trypsin, horse radish peroxidase,
and others have previously been immobilized on the smart polymer (Kondo A. and Fukuda H., Journal of fermentation
and bioengineering. 1997, 84, 337-341; Jing Xu, Fang Zeng, Shuizhu Wu, Xinxing Liu, Chao Hou and Zhen Tong,
Nanotechnology. 2007, 18, 265704) etc.
[0004] S Acetyl CoA is central to biochemical reactions, metabolized for energy production in tricitric acid cycle,
providing precursor molecule in fatty acid synthesis, serving as starter units in polyketide synthesis etc. From a practical
point of view, Acetyl CoA is a highly important biomolecule for biomedical studies such as drug discovery for metabolic
disorders and biotechnological applications e.g. synthesis of lipids and polyketide-based anticancer drugs.
[0005] The high cost of Acetyl CoA makes these processes expensive and therefore different in vitro chemical and
enzyme-based Acetyl CoA regeneration systems are employed within the main process. One such system is the use
of enzyme Acetyl CoA synthetase (Acs; acetate: CoA ligase, EC 6.2.1.1), which catalyses the synthesis of acetyl CoA
from acetate. The main advantage of this enzyme is its high substrate specificity and the fact that the two step reaction
is carried out by a single enzyme system as shown in Figure 1.
[0006] Despite all the advantages, the implementation of enzymes is not always straightforward, because a lot of
issues arise during implementation. One of the major problems with the industrial application of enzymes is their lack
of stability not only in temperature and pH extremes, but also under mechanical stress and in the presence of salts,
alkalis and surfactants.
[0007] Furthermore, enzyme re-use is almost impossible and product quality is often adversely affected by enzyme
inactivation steps and possibly also by difficult product purification schemes. Use of immobilized enzymes is supposed
to improve the process economics by enabling enzyme re-use and enhancing overall productivity and robustness.
[0008] Among various types of supports for enzyme immobilization, membranes are considered to be good supports.
Also, the immobilized enzyme-based bio-catalytic membrane reactors enable the integration of bio-catalysis and sepa-
ration. Acetyl CoA synthetase immobilization on glass beads has previously been used for synthesis of C11 labelled
Acetyl CoA. The immobilization of enzyme on glass beads was screened for different cross linking methods and spacer
arms.
[0009] According to an approach used in the prior art, CNBr activated glass beads gave maximum enzyme load and
were selected for further optimization of the activity of the enzyme as well as column fabrication to obtain a complete
conversion of 1 mmol of acetate (Mannens, G., Siegers, G., Lambrecht, R., Claeys, A. Biochimica et Biophysics Acta
1988, 959, 214-219; Mannens G., Slegers G., Lambrecht R., Goethals P., Radiopharmaceuticals 1988, Volume 25,
Issue 7, pages 695-705.).
[0010] In other reports, Acetyl CoA synthetase was immobilized with a cascade of enzymes on Nafion membrane for
studies of the citric acid cycle on a carbon electrode (Sokic-Lazic, D., Minteer, S. D. Biosensors and Bioelectronics.
2008, 24, 939-944) and patents have been filed wherein different physiologically active compounds including Acetyl
CoA synthetase have been immobilized on the cellulose fibre Sepharose 4B (US 4610962 A, EP 0084975 A2, US
4960696 A).
[0011] However, none of the studies of the prior art is able to provide an enzymatic reactor system based on responsive
polymer microgel for the synthesis of Acetyl CoA which has a high enzymatic activity over a wide range of different
temperatures and pH levels as well as for extended time spans, may be immobilized on membranes and can be re-used
without a strong decline of enzymatic activity.
[0012] Accordingly, it is an object of the present intervention to provide an enzymatic reactor system which solves the
above-mentioned problems. Furthermore, it is another object of the present invention to provide the use of such an
enzymatic reactor system for the synthesis of Acetyl CoA and a method for the preparation of such a system.
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Summary of the Invention

[0013] These objects are solved by the aspects of the present invention as specified hereinafter.
[0014] According to the first aspect of the present invention, an enzymatic reactor system is provided comprising an
enzyme capable of catalyzing the reaction 

immobilized on a polymer microgel, wherein preferably said enzyme is an Acetyl-coenzyme A synthetase.
[0015] In one embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1) is an enzyme
having the EC number 6.2.1.1.
[0016] In another embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1) is a
polypeptide having at least 80% identity, preferably at least 90% identity, more preferably at least 95%, even more
preferably at least 99% identity, to a polypeptide having an amino acid sequence as set out in SEQ ID NO: 1 or in SEQ
ID NO: 2.
[0017] In another embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1) has
the amino acid sequence as set out in SEQ ID NO: 1 (Acetyl-coenzyme A Synthetase 1; ACS1 from Saccharomyces
cerevisiae) or in SEQ ID NO: 2 (Acetyl-coenzyme A Synthetase 2; ACS2).
[0018] In one embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1) immobilized
on a polymer microgel is supported on a membrane, preferably on a polyethylene terephthalate (PET) track etched
membrane.
[0019] In another embodiment of the enzymatic reactor system, the polymer microgel comprises a cationic polymer.
[0020] In yet another embodiment of the enzymatic reactor system, the polymer microgel comprises aminoethylmeth-
acrylate and/or polyethyleneimine.
[0021] In one embodiment of the enzymatic reactor system, the polymer microgel comprises at least 0.001 wt%,
preferably at least 0.05 wt%, more preferably at least 0.1 wt% of aminoethylmethacrylate and/or polyethyleneimine.
[0022] In another embodiment of the enzymatic reactor system, the polymer microgel comprises at most 5 wt%,
preferably at most 1 wt%, more preferably at most 0.5 wt% of aminoethylmethacrylate and/or polyethyleneimine.
[0023] In another embodiment of the enzymatic reactor system, the polymer microgel further comprises poly(N-iso-
propylacrylamide).
[0024] In one embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1) is immobilized
on the polymer microgel by covalent linkage or ionic adsorption.
[0025] In one particular embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1)
is covalently linked to the microgel.
[0026] In a particular embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1) is
covalently linked to functional groups on the surface of the microgel, preferably the enzyme is covalently linked to amino
groups on the surface of the microgel, more preferably the enzyme is covalently linked to amino groups on the surface
of a microgel comprising aminoethylmethacrylate.
[0027] In an alternative embodiment of the enzymatic reactor system, the enzyme capable of catalyzing reaction (1)
is immobilized on the microgel by ionic adsorption.
[0028] In one embodiment of the enzymatic reactor system, the polymer microgel is of the core-shell type.
[0029] According to the second aspect of the present invention, the use of the enzymatic reactor system is provided
for the synthesis of Acetyl-CoA.
[0030] According to one embodiment of the second aspect of the present invention, the system is used in a dead end
filtration device.
[0031] According to the third aspect of the present invention, a method for the preparation of an enzymatic reactor
system according to the first aspect of the present invention is provided, wherein the immobilization of the enzyme
capable of catalyzing reaction (1) on a polymer microgel is performed by covalent linkage or ionic adsorption.

Description of Figures

[0032]

Figure 1 shows the two step synthesis reaction of acetyl CoA from acetate catalyzed by acetyl CoA synthetase.

Figure 2 shows the fabrication of a membrane covered with immobilized enzyme microgel. Step I: Deposition of
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Cd(OH)2 nanostrand on PET track etched membrane, II: Microgel layer deposition on nanostrand, III: Removal of
nanostrand via acid dissolution and cross-linking with glutaraldehyde, IV: Immobilization of bioconjugate on microgel
layer.

Figure 3 shows a schematic representation of the synthesis of a PNIPAm-AEMA core shell microgel.

Figure 4 shows a schematic representation of the preparation of a PEI-PNIPAm microgel.

Figure 5 shows the characterization of core-shell microgel particles: (a) Zeta potential of PNIPAm-AEMA (squares)
and PNIPAm-PEI(circles) microgels as a function of pH. (b) Change in hydrodynamic radius with respect to tem-
perature of PNIPAm core (black circles), PNIPAm-AEMA core shell microgel (white circles) and PNIPAm-PEI mi-
crogel (cross marks) as determined by DLS; Scanning electron microscopy images of (c) PNIPAm-AEMA and (d)
PNIPAm-PEI core shell microgel after vacuum drying at room temperature.

Figure 6 shows the standardization of immobilization parameters by checking (a) effect of EDC, (b) microgel and
(c) salt concentrations on activity of the enzyme (in case of PNIPAM-AEMA). (d) Adsorption isotherm of acetyl-CoA
synthetase on PEI-PNIPAm microgel, the adsorbed amount of enzyme per mg of PEI-PNIPAm microgel (Ó) is plotted
versus the concentration of free enzyme in solution (C); the dashed line represents the fit of the experimental data
by the Langmuir isotherm; the inset displays the data as a linearized Langmuir plot according to equation (6). Relative
activities are normalized activities of enzymes with respect to highest activity of respective enzymes and experiment.
Each experiment was done in duplicate, error bars in figures show standard deviations.

Figure 7 shows the effect of pH (a) and temperature (b) on the activity of free (circles) and immobilized acetyl CoA
synthetase on PNIPAm AEMA microgels (squares). (c) shows the effect of pH and (d) temperature on the activity
of free (circles) and immobilized acetyl CoA synthetase on PNIPAm AEMA microgels (squares).

Figure 8 shows the stability profile of free (circles) and PNIPAm-AEMA-immobilized acetyl CoA synthetase (squares).
(a) Thermal stability was determined by measuring the activity after incubation at respective temperatures for 10min
and subsequently cooling on ice. (b) Storage stability at 4°C was monitored by checking the activity of free and
immobilized acetyl CoA synthetase in borate buffer (0.1 M, pHS). (c) Operation stability of PNIPAm-AEMA-immo-
bilized acetyl CoA synthetase was checked for 5 cycles at standard reaction conditions. Relative activities are
normalized activities of enzymes with respect to the highest activity of respective enzymes and experiment. Each
experiment was done in triplicate and error bars in figures show standard deviations calculated with three data points.

Figure 9 shows the performance of enzyme bioreactor (a): Flux versus pressure relation of the bioconjugate-PET
membrane; (b): Effect of temperature on the membrane performance over time at 25°C (squares) and 37°C (circles).
(c) Bioconversion study of 1.5 U bioconjugate-PET membrane over a period of 24 hr at 25°C. (d) Operational stability
of membrane at 25°C.

Detailed Description of the Invention

[0033] It has been surprisingly found that the immobilization of an enzyme capable of catalysing the reaction 

on a polymer microgel highly stabilizes the enzyme, leading to increased activity over time, at a wide range of temperature
and pH and even allows the effective re-use of the enzymatic reactor system over multiple cycles without significant
loss of enzyme activity.
[0034] The present invention relates to an enzymatic reactor system comprising an enzyme capable of catalyzing the
above reaction (1) for the synthesis of Acetyl CoA. Herein, the term "an enzyme capable of catalyzing the reaction (1)"
means that the enzyme functions as a catalyst in said reaction (1). A catalyst, as is generally appreciated in the art, is
a substance that increases the rate of a chemical reaction without itself undergoing any permanent chemical change.
Accordingly, a substance which increases the reaction rate of reaction (1) without undergoing any permanent chemical
change may be considered to be an enzyme capable of catalyzing the reaction (1).
[0035] According to a preferred embodiment, the enzyme is an Acetyl-coenzyme A synthetase. Acetyl-coenzyme A
synthetases are generally classified under EC number 6.2.1.1. of the Enzyme Number Commission (EC) classification
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scheme. Thus, according to one embodiment of the present invention, the enzyme is an enzyme having the EC number
6.2.1.1.
[0036] The model organism Saccharomyces cerevisiae or baker’s yeast is widely used for research purposes and
large-scale production of enzymes, such as insulin or others. S. cerevisiae contains two different structural genes each
encoding an active Acetyl-coenzyme A synthetase, ACS 1 and ACS 2. The amino acid sequence of ACS 1 is referred
to herein as SEQ ID NO: 1 and the amino acid sequence of ACS 2 is referred to herein as SEQ ID NO: 2.
[0037] According to one embodiment of the present invention, the enzyme capable of catalyzing reaction (1) is a
polypeptide having at least 80% identity to a polypeptide having an amino acid sequence as set out in SEQ ID NO: 1,
preferably at least 90% identity, more preferably at least 95% identity, even more preferably at least 99% identity.
[0038] According to another embodiment, the enzyme capable of catalyzing reaction (1) is a polypeptide having at
least 80% identity to a polypeptide having an amino acid sequence as set out in SEQ ID NO: 2, preferably at least 90%
identity, more preferably at least 95% identity, even more preferably at least 99% identity.
[0039] For the purpose of this invention, it is defined here that in order to determine the percent identity of two amino
acid sequences, the sequences are aligned for optimal comparison purposes. In order to optimize the alignment between
the two sequences gaps may be introduced in any of the two sequences that are compared. Such alignment can be
carried out over the full length of the sequences being compared.
[0040] A comparison of sequences and determination of percent identity between two sequences can be accomplished
using a mathematical algorithm. The skilled person will be aware of the fact that several different computer programs
are available to align two sequences and determine the homology between two sequences (Kruskal, J. B. (1983) An
overview of sequence comparison In D. Sankoff and J. B. Kruskal, (ed.), Time warps, string edits and macromolecules:
the theory and practice of sequence comparison, pp. 1-44 Addison Wesley).
[0041] The term "% identity" is defined as the percentage of amino acids in a candidate sequence that are identical
with the amino acids in a reference nucleic acid sequence, after aligning the sequences and introducing gaps, if necessary,
to achieve the maximum percent sequence identity. Alignment for purposes of determining percent sequence identity
can be achieved in various ways that are within the skill in the art, for instance, using publicly available computer software
such as BLAST, BLAST-2, ALIGN, ALIGN-2 or Megalign (DNASTAR) software. Appropriate parameters for measuring
alignment, including any algorithms needed to achieve maximal alignment over the full-length of the sequences being
compared can be determined by known methods.
[0042] For purposes herein, the % sequence identity of a given amino acid sequence C with a given nucleic acid
sequence D (which can alternatively be phrased as a given sequence C that has or a certain % sequence identity with
a given sequence D) is calculated as follows: 

where W is the number of amino acids scored as identical matches by the sequence alignment program in that program’s
alignment of C and D, and where Z is the total number of amino acids in D. It will be appreciated that where the length
of sequence C is not equal to the length of sequence D, the % sequence identity of C to D will not equal the % sequence
identity of D to C.
[0043] According to a preferred embodiment, the enzyme capable of catalyzing reaction (1) has the amino acid se-
quence as set out in SEQ ID NO: 1, corresponding to the amino acid sequence of Acetyl-coenzyme A synthetase 1 from
Saccharomyces cerevisiae. In particular, the S-Acetyl-coenzyme A synthetase from baker’s yeast (S. cerevisiae) as
distributed by Sigma-Aldrich, St. Louis, USA may be used.
[0044] According to another preferred embodiment, the enzyme capable of catalyzing reaction (1) has the amino acid
sequence as set out in SEQ ID NO: 2, corresponding to the amino acid sequence of Acetyl-coenzyme A synthetase 2
from Saccharomyces cerevisiae.
[0045] According to one embodiment, the polymer microgel comprises a cationic polymer. In particular, the polymer
microgel comprises aminoethylmethacrylate (AEMA) and/or polyethyleneimine. A polymer microgel comprising ami-
noethylmethacrylate (AEMA) and/or polyethyleneimine herein means a polymer microgel comprising structural units
based on the polymerization of AEMA monomers and/or polyethyleneimine units. According to a preferred embodiment,
the polymer microgel comprises a cationic copolymer which is obtained by copolymerization of AEMA with additional
monomers.
[0046] In one embodiment of the enzymatic reactor system, the polymer microgel comprises at least 0.001 wt%,
preferably at least 0,05 wt%, more preferably at least 0,1 wt% of aminoethylmethacrylate and/or polyethyleneimine.
[0047] In another embodiment of the enzymatic reactor system, the polymer microgel comprises at most 5 wt%,
preferably at most 1 wt%, more preferably at most 0.5 wt% of aminoethylmethacrylate and/or polyethyleneimine.
[0048] According to another embodiment, the polymer microgel further comprises poly(N-isopropylacrylamide).
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[0049] According to the present invention, the enzyme capable of catalyzing reaction (1) may be immobilized on the
polymer microgel by covalent linkage or by ionic adsorption. According to one embodiment, the enzyme is covalently
linked to the microgel. Preferably, the enzyme is covalently linked to functional groups on the surface of the microgel,
more preferably the enzyme is covalently linked to amino groups on the surface of the microgel, even more preferably
the enzyme is covalently linked to amino groups on the surface of a microgel comprising aminoethylmethacrylate.
[0050] It is known from the active site structure of acetyl CoA synthetase that a lysine residue is very critical in the first
step of reaction where acetate is activated to acetyl phosphate. Therefore, for covalent conjugation of enzyme to microgel,
carboxylic acid residues of the enzyme were targeted using the zero length crosslinker EDC. Thus, the enzyme may be
immobilized on the polymer microgel by covalent linkage using carbodiimide chemistry, in particular using 1-ethyl-3-(3-
NNdimethylaminopropyl) carbodiimide (EDC) chemistry. In this way, carboxyl groups of the enzyme are linked to the
primary amines present in the aminoethylmethacrylate moieties.
[0051] According to an alternative embodiment, the enzyme capable of catalyzing reaction (1) is immobilized on the
polymer microgel by ionic adsorption. According to a preferred embodiment, the enzyme is immobilized by ionic adsorption
to a microgel comprising a cationic polymer, preferably polyethyleneimine. According to an alternative embodiment, the
enzyme is adsorbed to a microgel comprising aminoethylmethacrylate.
[0052] According to one embodiment, the enzyme capable of catalyzing reaction (1) immobilized on a polymer microgel
is supported on a membrane. Such an enzyme membrane reactor serves as a good platform for biocatalysis and
bioseparation. In an enzymatic membrane reactor, the membrane governs the mass transport across itself, thus also
retaining the enzymes inside the reactor and achieving a certain level of product separation as well. Further, the continuous
removal of product can shift the equilibrium of a reaction towards the product side and thereby increase the productivity
of the whole process, which is a remarkable advantage of such a membrane reactor.
[0053] A preferred membrane to be used in the present invention is a PET track etched membrane. As a PET track
etched membrane, PET track-etched membranes with a pore size of 300-400 nm and diameter of 25 mm as available
from Whatman Co., GE Healthcare Europe, Freiburg, Germany may be used.
[0054] The enzyme immobilized membrane surface was prepared on a polyethylene terephthalate (PET) track etched
membrane support using an enzyme immobilized microgel. The membrane fabrication strategy is outlined in Figure 2.
[0055] The pores of the PET membrane were first covered with Cd(OH)2 nanostrands, which was prepared by mixing
CdCl2 and an aminoethanol solution (see for example Qiugen Zhang et al., Ultrathin freestanding nanoporous membranes
prepared from polystyrene nanoparticles, J. Mater. Chern., 2011, 21, 1684).
[0056] The nanostrand solution (10 mL) was suction filtered on the PET membrane. Subsequently, a thin layer of
microgel was prepared by filtering a 1 mg/ml concentration microgel solution and crosslinking by glutaraldehyde. After
microgel crosslinking, the sacrificial cadmium hydroxide nanostrand layer was removed by repeated passing of 10 mM
HCl solution.
[0057] The membrane was extensively rinsed with buffer and finally 100 ml of (1.5 U) enzyme immobilized microgels
were diluted in buffer and allowed to crosslink with free glutaraldehyde at 4°C for overnight on the prepared surface.
The membrane was washed to remove the unbound bioconjugate. Such fabricated membrane may be preferably used
in a dead end filtration device, for example to check the catalytic performance.
[0058] It is assumed that the enzyme capable of catalyzing the reaction (1) is stabilized by the immobilization on the
polymer microgel which possibly influences the reaction characteristics. Further, it is thought that a net positive charge
of the polymer microgel may positively influence the activity of enzymes which carry a net negative charge, as is the
case for the enzymes encoded by SEQ ID NO: 1 and 2. Thus, the immobilization by covalent linkage or ionic adsorption
to microgels comprising a cationic polymer is particularly preferred for enzymes which carry an overall negative charge.
Immobilization of the enzyme by ionic adsorption is particularly advantageous since the enzyme is not permanently
chemically changed, e.g. by crosslinking of the enzyme’s carboxyl groups.
[0059] According to one embodiment of the present invention, the polymer microgel is of the core-shell type. Core-
shell type microgels have the advantage of carrying a high density of functional groups on the surface and hence a high
load of molecules can be immobilized.
[0060] The core-shell microgel particles may be synthesized by a two-step free radical precipitation polymerization
method or by graft polymerization of the cationic polymer.
[0061] The two-step free radical precipitation polymerization method may be performed as shown in Figure 3. This
method is preferably used for the synthesis of a polymer microgel comprising aminoethylmethacrylate as the cationic
component.
[0062] A monomer solution of NIPAm and MBA may be taken for the synthesis of the core of the particle, preferably
in a ratio of 98:2. For shell synthesis, a solution of NIPAm, MBA, and AEMA may be used, preferably in the ratio of
96.5:2:1.5.
[0063] Alternatively, the core-shell microgel particles may be synthesized by graft polymerization of the cationic polymer
as shown in Figure 4. The microgel may be prepared by the graft copolymerization of NIPAM from PEI in presence of
tert-butyl hydroperoxide (tBuOH) as an initiator. tBuOH reacts with amine groups of PEI chains and generates amino
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and tBuO free radicals. These free radicals initiate the graft copolymerization and the homopolymerization of NIPAM in
the presence of a cross-linker, N,N-methylenebisacrylamide.
[0064] At the reaction temperature, the PNIPAm chain becomes hydrophobic while PEI chains remain hydrophilic.
These amphiphilic PEI-g-PNIPAM formed promote further emulsion polymerization of NIPAm by self-assembly to form
core-shell microgel particles.

Examples

[0065] The following materials have been used for the Examples as described below: N-isopropylacrylamide (97 %)
(NIPAm) was recrystallized from n-hexane and dried in vacuum before use. Branched poly(ethyleneimine) (PEI) with
an average molecular weight of 25,000 (50 wt.% solution in water), N,N- methylene bisacrylamide (≥99.5%) (MBA),
sodium dodecyl sulfate (SDS), ammonium persulfate (∼98.0%) (APS), 2-Aminoethyl methacrylate hydrochloride (90 %)
(AEMA), 1-ethyl-3-(3-NN-dimethylaminopropyl) carbodiimide (EDC), tert-butyl hydroperoxide (70% solution in water,
tBuOOH), S-Acetyl-coenzyme A synthetase (EC 6.2.1.1, >3units/mg, from baker’s yeast) (ACS), Malic acid Dehydro-
genase from porcine heart (≥600 units/mg protein), Citrate Synthase from porcine heart (≥100 units/mg protein), and all
other chemicals were obtained from Sigma-Aldrich (Germany).
[0066] BCA Protein Assay Kit (Thermo Scientific (Pierce protein)), Acetyl-Coenzyme A (Roche, Germany), ß-Nicoti-
namide adenine dinucleotide and NADH disodium salt (Carl Roth, Germany), were purchased from respective companies.
30 and 10 kDa molecular weight cut off (MWCO) centrifugal filter tubes were purchased from Millipore. All the chemicals
were used as received or else stated. Water used throughout the investigation was purified to a resistance of 18 MΩ
(Millipore), and filtered through a 0.45 mm nylon filter to remove particulate matter.

Example 1

Synthesis of PNIPAM-AEMA

[0067] The core shell microgel particles were synthesized by two step free radical precipitation polymerization method
as shown in Figure 3. A 64 mM total monomer concentration of NIPAm and MBA in 98:2 ratio was used for the synthesis
of the core. For shell synthesis, a 37 mM solution of NIPAm, MBA, and AEMA in the ratio of 96.5:2:1.5 was used. Except
for the initiator all ingredients were first dissolved in water and filtered through Whatman filter paper and heated under
stirring to 70°C under a gentle stream of Argon for 1 h.
[0068] First, the core was synthesized by rapid addition of 1 ml of APS solution (2 mM) into the monomer solution
containing SDS (2 mM). The reaction was allowed to proceed for 4 h at 70°C under continuous stirring. After polymer-
ization, the solution was filtered through 0.45 mm pore size filter. Next the shell synthesis was done by addition of
surfactant SDS (0.7 mM) to 20 mL core solution and heated under stirring in nitrogen gas atmosphere to 70 C.
[0069] Further, 25 mL of monomer solution was added to the heated core microgel solution and volume was adjusted
to 100 mL. The reaction was initiated with the addition of 1 ml of an APS solution (1.5 mM) and reaction mixture was
continuously stirred for 4 h at 70°C. The obtained core-shell microgel solution was allowed to cool at room temperature
and filtered with a suitable membrane. The unreacted monomers and small molecular weight polymers were removed
from the microgel solution by continuous dialysis for a week using a 10 KDa MWCO dialysis tube against a daily change
of water.

Example 2

Synthesis of PEI-PNIPAM

[0070] The cationic thermo-responsive PNIPAm- PEI microgel was synthesized via graft polymerization of PEI as
shown in Figure 4. PEI (0.4 g, 50% solution) solution in water was initially neutralized using 1M of HCl solution. In a
typical solution of 50 mL, a mixture of NIPAM monomer (800 mg) and MBA (80 mg) was separately treated under a
gentle stream of argon for 30 min at 70°C and then charged to the PEI solution in a triple neck flask.
[0071] Dilute tert-butyl hydroperoxide solution (0.5 mL, 10 mM) was added dropwise to the mixture to initiate polym-
erization reaction, and the solution was stirred at 70°C for 2 h under Argon. After the reaction, the dispersion of microgels
was carefully purified by repeated centrifugation at 13,000 rpm for 30 min and further purified by dialysing against water
for one week at room temperature. Lyophilized microgel was dispersed to concentration of 1 wt%. The microgel sus-
pensions were shaken for 24 h to receive an evenly dispersed microgel solution.
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Example 3

Dynamic Light Scattering, Zeta potential measurements and Scanning electron microscopy of PNIPAM-AEMA and 
PNIPAm-PEI microgels

[0072] The Dynamic light scattering (DLS) measurements at different temperatures were performed for the microgels
to analyse the particle size and its thermo-responsive behaviour. Zeta potential measurements of particles were also
carried out to identify the charge behaviour with respect to pH. Both, DLS and zeta potential experiments were done
using Zeta sizer Nano 3000HS (Malvern Instruments/UK), equipped with a 633 nm He/Ne laser and a non-invasive back
scatter (NIBS®) technology. In the case of PNIPAM-AEMA microgels, measurements were performed for both core and
core-shell microgels.
[0073] Before the size measurements, samples were thermally equilibrated for 10 min and data were acquired by
averaging 30 measurements, with a 10 s integrating time for each measurement. Volume phase transition temperature
was determined with respect to temperature (24 to 40°C). Zeta potential was obtained from pH range 6 to 11 and the
values were average of three successive readings.
[0074] Furthermore, the morphology of synthesized microgel was also characterized by scanning electron microscopy.
SEM was performed on vacuum dried microgels on silicon wafer using a NEON 40 FIB-SEM workstation (Carl Zeiss
AG, Germany) operated at 3 kV, after 3 nm thick sputter coating of platinum.
[0075] The cationic nature of prepared core shell microgels was studied by measuring the zeta potential of microgel
solution. The change in zeta potential of microgel as a function of pH is depicted in Figure 5a. The zeta potential was
positive at a wide range of pH and the isoelectric point of PNIPAM-AEMA and PEI-PNIPAM microgels was found to be
around pH 10. This characteristic charge of the PNIPAM-AEMA microgels is due to the presence of free -NH2 groups
in the shell added by cationic monomer AEMA whereas PEI polymer contributes to the charge for the PEI-PNIPAM
microgel structure. Thus, the positive value of zeta potential confirms that the PNIPAM-AEMA and PEI-PNIPAM microgels
were sufficiently cationic.
[0076] The temperature dependent size behavior of microgels are depicted in Figure 5b. For PNIPAM-AEMA microgel
size of core and core-shell microgels in water at 24°C was found to be 150 nm and 320 nm. At 40°C, however, the size
changed to 60 and 180 nm for core and core-shell microgel particles, respectively. The size of PEI-PNIPAM microgels
in water at 24°C was found to be 320 nm, while at 40°C, the size reduced to 234 nm.
[0077] PNIPAm exhibits a reversible transition from a solvated random coil to a desolvated globular state at 32°C,
due to the disruption of hydrogen bonds and dominance of the hydrophobic part of PNIPAm at high temperature, causing
water to expel out of its structure.
[0078] The PNIPAm microgels possess a volume phase transition from a swollen state to a collapsed state at or near
this temperature. Furthermore, this transition temperature is also affected by the presence of functional comonomer in
the structure.
[0079] Figure 5b confirms that the synthesized PNIPAM-AEMA and PEI-PNIPAM microgel particles exhibit a phase
transition at around 32°C which is near to the LCST of PNIPAm. The morphological characteristics of dried PNIPAM-
AEMA and PEI-PNIPAM microgels were imaged with the help of SEM and the image is shown in Figure 5c & d respectively.
It is evident from the SEM image that the PNIPAM-AEMA microgels were of nearly uniform size and shape.

Example 4

Immobilization of Acetyl CoA-synthetase on PNIPAM-AEMA microgels

[0080] Acetyl CoA-synthetase was covalently immobilized to PNIPAm-AEMA core-shell microgel using carbodiimide
chemistry in 0.1 M Borate buffer at pH 8. Inorganic phosphate present in commercial enzyme preparation (interferes
with molybdate assay) was removed by filtration using 30 kDa centrifuge filter tubes (Millipore).
[0081] The immobilization conditions were standardized before conjugation with respect to EDC, PNIPAm-AEMA
microgel, and salt concentration. The effect of EDC concentrations on Acetyl CoA-synthetase immobilization to microgel
were studied from 0.25 to 5 mg/ml concentration. As shown in Figure 6 (a), the enzyme activity increased with increase
in EDC concentration up to 1 mg/ml, above this concentration there was a sharp decline in enzyme activity. Since EDC
is a crosslinker, at higher concentration, it crosslinks enzyme molecules to one another at an increasing rate leading to
decrease in enzyme activity.
[0082] To determine the working concentration of PNIPAm-AEMA microgel for enzyme immobilization, different con-
centrations of PNIPAm-AEMA microgel from 1 to 10 mg/mL were incubated with 1 mg/ml of enzyme in presence of EDC.
The highest concentration of microgel for this study was maintained to be 10 mg/mL to avoid a very viscous solution
above this concentration. From Figure 6 (b), it can be seen that the enzyme activity increases with increase in PNIPAm-
AEMA microgel concentration. Therefore for further use, a working concentration of 10 mg/mL PNIPAm-AEMA microgel
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was found suitable, which is a 1:10 proportion of enzyme to microgel for conjugation protocol.
[0083] To obtain the bioconjugate after the immobilization process, the PNIPAm-AEMA microgels were precipitated
from the reaction mixture at room temperature with the help of salt. Hence, it was important to study the effect of salt
concentration on enzyme activity. The conjugate was subjected to different concentration of NaCl solution and activity
was determined.
[0084] The activity of free acetyl CoA synthetase and their bioconjugates with PNIPAm-AEMA or microgel was studied
in borate buffer (0.1 M, pH 8), in presence of 20 mM potassium acetate, 4 mM MgCl2, 4 mM glutathione, 1 mM ATP,
and 500 mM coenzyme A. The reaction was terminated by addition of acidic molybdate reagent. The pyrophosphate-
molybdate complex formed was further reduced by addition of mercaptoethanol and Eikonogen reagent. The obtained
coloured product was quantified by measuring the absorption at 590 nm and pyrophosphate concentration was deter-
mined (ε = 2.7 x 104 M-1 cm-1).
[0085] One unit of enzyme activity was defined as the amount of enzyme required to form 1 mmol pyrophosphate per
min at pH 8 and 37°C. Bradford micro assay with a sensitivity of 1-10 mg/mL was used to determine protein concentration
using bovine serum albumin as the standard protein.
[0086] At a given centrifugal condition, 1 M NaCl solution was the optimum to obtain the complete bioconjugate. Also,
Figure 6 (c) shows that no significant reduction in enzyme activity at 1 M NaCl concentration was observed as compared
to 10-1000 folds less concentration of NaCl. A total 6 ml of mixture solution containing microgel solution (10 mg/ml),
enzyme solution (1 mg/ml), and EDC (1 mg/ml) were incubated at 10°C for 4 h. After completion of the incubation period,
an equal volume of tris-Cl buffer (0.1 M, pH 8) was added to the reaction mixture to quench extra EDC. The bioconjugate
formed was precipitated by adding salt solution (1 M NaCl), and obtained by centrifugation at 12,000 rpm for 5 min at 25°C.
[0087] Finally the bioconjugate was desalinated by repeated centrifugation with borate buffer using 10 kDa MWCO
centrifuge filter tubes. The amount of enzyme loaded to the PNIPAM-AEMA microgel was determined by subtracting
the residual protein content in the supernatant from the initial protein content. The enzyme and bioconjugate were stored
in 0.1 M borate buffer containing 1 mM glutathione and 1 mM magnesium chloride (pH 8).
[0088] The number of molecules per unit volume (Nm and Ne) for microgel and enzyme were calculated using the
following formula 

where V is the total volume of particles per unit volume of dispersion (mL) and vi is the mean volume of a particle. The
value of V was found as 

W is the mass of wet microgel or enzyme, ρ is the density, since the microgel particles were highly swollen in water ρ
for microgel was assumed to be 1.00 g mL-1 and average protein density for enzyme 1.35 g mL-1. The value of vi was
determined as 

where Rh is the hydrodynamic radius. Using these data the number of enzyme molecules on single microgel particles
was calculated from Ne /Nm.
[0089] After standardization of immobilization conditions, the conjugation was carried out at optimized conditions.
From the Bradford method, the amount of Acetyl CoA-synthetase immobilized onto PNIPAm-AEMA microgel was de-
termined to be 68% of the initial Acetyl CoA-synthetase, suggesting an amount of immobilized enzyme of 0.02 mg per
mg of dry microgel particles. From this data ∼24 Acs molecules were calculated to be bound on the surface of each
microgel particle.
[0090] The activity of immobilized Acetyl CoA-synthetase was found to be 0.23 mU/mg of carrier which was about
61.55% of the initial activity of Acs. The attachment of the enzyme to the PNIPAm-AEMA microgel using carbodiimide
chemistry resulted in an enzyme with a higher activity with respect to the enzyme bound in total. For CNBr activated
glass beads, as published in the prior art, 100% enzyme immobilization was achieved but only 23% of enzyme was
reported to be active (Mannens, G., Siegers, G., Lambrecht, R., Claeys, A. Biochimica et Biophysics Acta 1988, 959,
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214-219).
[0091] The decrease in enzyme activity after immobilization is effect of several factors such as a change in enzyme
conformation or modification of important residues due to covalent immobilization and addition to this immobilization
matrix also imparts additional factors like steric hindrance, partition effects and mass transfer constraints.

Example 5

Immobilization of Acetyl CoA-synthetase on PEI-PNIPAM microgels

[0092] The immobilization of Acetyl CoA-synthetase on PEI-PNIPAm microgel was achieved via adsorption in 0.1 M
Tris-Cl buffer at pH 8 for 6 h at 4°C. The conjugate was obtained by centrifugation at 12,000 rpm for 15 min at 25°C and
subsequently washed with the same buffer to remove non adsorbed enzymes. Using Micro BCA (for protein concentra-
tions lower than 20 mg/mL) assay kits, the amounts of adsorbed enzyme loaded to the microgel was determined by
subtracting the residual protein content in the supernatant from the initial protein content. The enzyme and conjugate
were stored in 0.1 M Borate buffer containing 1 mM glutathione and 1 mM magnesium chloride pH 8 for further use.
[0093] The activity of free and immobilized Acs was determined spectrophotometrically by following acetyl CoA syn-
thesis at 340 nm wavelength by coupling to Citrate synthase (CS) and malate dehydrogenase (MDH) assay.
[0094] The assay medium composition for enzyme activity consists of 20 mM potassium acetate, 4 mM MgCl, 4 mM
glutathione, 1 mM ATP, 500 mM co-enzyme A, 1 mM NAD and 4 mM malate in 100mM Tris Cl buffer pH 8. The acetyl
CoA synthesized was correlated to the concentration of NADH formed in a coupled assay using ε340 = .6220 M-1 cm-1.
One unit of enzyme activity was defined as the amount of enzyme which is required to form 1 mmol of NADH per min
at pH 8 and 37°C.
[0095] Preliminary experiments were performed to determine optimal conditions like pH, temperature and microgel
concentration for enzyme coupling. The studies were done at standard conditions of a microgel concentration of 10
mg/ml, a temperature <10°C and pH 8.0. The adsorption isotherm studies were carried out by investigating the Acetyl
CoA-synthetase binding to the microgel as a function of enzyme concentrations.
[0096] Figure 6(d) suggests that the adsorption behavior of Acetyl CoA-synthetase on the PEI-PNIPAm microgel
follows a Langmuir-type model which can be described by the following Langmuir isotherm equation (6). 

[0097] The Langmuir isotherm equation can be linearized by multiplying both sides by (Kd+C) and dividing by Ó, resulting
in equation 5 with which the experimental data are fit as shown in (Figure 6(d) insert). 

where Ó is the amount of Acetyl CoA-synthetase adsorbed on the PEI-PNIPAm microgel (mg/mg), Ómax is the maximum
binding capacity (mg/mg), C is the Acetyl CoA-synthetase concentration in solution (mg/mL), and Kd is the dissociation
constant (mg/mL).
[0098] From the equation, Kd dissociation constant and maximum adsorption capability Ómax were calculated as 0.019
mg/mL and 286 mg/mg of PEI-PNIPAm microgel, respectively. The maximum amount of enzyme adsorbed at the stand-
ardized conditions on microgel was found to be 279 mg/mg. This value is very close to the maximum binding capacity
of the PEI-PNIPAm micro gel which indicated that a high load of enzyme was achieved.
[0099] The respective concentration of enzyme at which maximum enzyme load was obtained was subsequently used
for the preparation of bioconjugate and to carry out further studies. The linear graph (inset Figure 6(d)) of enzyme
adsorption shows an excellent fit with relatively high R2 values (0.99) and thus indicates that the model predicts the
adsorption behavior very well.
[0100] Since the isoelectric point of the Acetyl CoA-synthetase used is around pH 7.5, at pH 8 the enzyme carries an
overall negative charge, while the microgel carries a positive charge due to PEI on the surface of the microgel. These
countercharged particles interact with each other through electrostatic forces and aid in the adsorption process leading
to strong interactions between the enzyme and the PEI-PNIPAm microgel in a swollen state.
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Example 6

Reaction kinetics of free and immobilized Acetyl CoA-synthetase

[0101] The reaction kinetics of free and immobilized enzymes was studied at various concentrations of acetate (5 mM
- 0.3 mM) as a substrate and keeping concentrations of ATP and CoA constant at 1 mM and 0.5 mM, respectively. The
activity of enzymes was studied in triplicate, and the standard deviation was used as the error.
[0102] The Michaelis-Menten equation provides important information regarding the rate of reaction and the Michaelis
constant Km which is a direct measure of the enzyme-substrate affinity. These constants allow an assessment of the
alterations in enzyme activity after immobilization such as a blocking of the active site, conformational changes or diffusion
limitation.
[0103] Assuming Michaelis-Menten kinetics for Acetyl CoA-synthetase by the following equations: 

where V is the rate of the reaction, [S] is the concentration of the substrate, Km is the apparent constant, and Vmax is
the maximum of reaction velocity. The values for Km and Vmax, were estimated with the help of a Lineweaver-Burk plot
for the Michaelis-Menten equation expressed as follows: 

[0104] The data obtained were managed and processed using Excel (Microsoft) and the parameters obtained from
Lineweaver-Burk plot are represented in Table 1 and 2.
[0105] The Km value obtained for the free enzyme was close to the one obtained in earlier reports (T. Satyanarayana
and Harold P. Klein. Studies on Acetyl-Coenzyme A Synthetase of Yeast: Inhibition by Long-Chain Acyl-Coenzyme A
Esters. Journal Of Bacteriology, Aug. 1973, p. 600-606). In the case of PNIPAm-AEMA immobilization (Table 1), apparent
Km values of acetate for immobilized enzyme was close to free enzyme. The Michaelis constant (Km) is a direct measure
of the enzyme substrate affinity. The marginal increase of Km of the immobilized enzyme indicates that the enzyme-
substrate binding continues to be efficient. The maximum velocity (Vmax) is the highest rate of substrate conversion,
when the enzyme is fully saturated with substrate. For PNIPAm-AEMA immobilization, a 34% reduction in Vmax was
observed for immobilized enzyme as compared to free enzyme. As Vmax is dependent on the active enzyme concentration,
the decrease in maximum velocity may be due to inactivation of enzyme particles or due to limited diffusion of substrate
to the immobilized enzyme.

[0106] In the case of PEI-PNIPAm immobilization (Table 2), the Km values for the immobilized enzyme were high
compared to free enzyme. The increase in Km after immobilization was mainly due to a low concentration of substrate
near the active site of enzyme, which was similar in other cases reported for enzyme adsorption on PNIPAm microgels.
But the activity of enzyme was markedly improved after adsorption on PNIPAm-PEI microgel which is indicated by more
than twice increase in the Vmax value compared to free enzyme. This show an increase in catalytic efficiency of the
enzyme after immobilization.

Table 1. Kinetic parameters of PNIPAm-AEMA-immobilized and free enzyme for acetate substrate at 37°C.

Enzyme Km (mM) Vmax (U/min)

Free enzyme 170 6 30 8.5x10-3 6 0.4x10-3

Immobilized enzyme (PNIPAm-AEMA) 188 6 20 5.6 x10-36 0.1x10-3
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Example 7

Effect of pH and temperature on free and immobilized Acetyl CoA-synthetase

[0107] Temperature and pH are two important parameters that influence activity of enzymes. It is important to study
these factors to determine any change in conformation of an enzyme on binding to the support. Enzyme activities were
assayed as described in Example 5 for assessing PNIPAm-AEMA immobilized enzyme and as described in Example
6 for assessing PEI-PNIPAm immobilized enzyme. Optimum pH condition for both immobilized and free enzymes was
evaluated in the pH range 5 to 9 (PNIPAm-AEMA) or 6 to 9 (PEI-PNIPAm) and the properties of immobilized enzyme
were compared with those of free enzyme.
[0108] The enzymes were assayed in 0.1 M 2-(N-morpholino)ethanesulfonic acid (MES) buffer (pH 5-6.5) and 0.1 M
borate buffer (pH 7-9) at 37°C for 15 min at the respective pH. The effect of temperature on enzymes reactivity was
studied at different temperatures ranging from 25°C to 55°C for PNIPAm-AEMA-immobilized enzyme and 25°C to 65°C
for PEI-PNIPAm-immobilized enzyme in 0.1 M borate buffer (pH 8) for 15min. The enzymes’ activity was normalized
with respect to their maximum activity for given experimental condition and the final data were represented as relative
activity.
[0109] It can be seen in Figure 7 (a) that the free enzyme has its optimal pH at 8.0 while for the PNIPAm-AEMA-
immobilized enzyme the pH was shifted towards more alkalinity. For the study of PEI-PNIPAm-immobilized enzyme a
similar situation can be observed in Figure 7 (c). However, in this case the immobilized enzyme has a higher relative
activity at pH 6 to 7 as well as over pH 8.5.
[0110] The electrostatic interactions of the enzyme with the matrix leads to unequal partitioning of H+and OH- between
the microenvironment of the immobilized enzyme and the bulk phase. This is attributed to the Donnan partition effect
where charged support often leads to displacements in the pH activity profile of immobilized enzymes. Thus, the immo-
bilized enzyme shows higher relative activity at pH values where the activity of the free enzyme declines significantly.
[0111] The temperature dependence of the activity of the enzyme was studied in the temperature range of 25°C to
55°C for PNIPAm-AEMA-immobilized enzyme and 25°C to 65°C for PEI-PNIPAm-immobilized enzyme. The results
presented in Figure 7 (b) show that the immobilized enzyme was active at a broad temperature range and exhibited a
temperature optimum of reaction at 37°C, similar to free enzyme. However, the immobilized enzyme is much more
tolerant of higher temperatures up to 55°C. These results can be attributed to a rigidification of the protein conformation
due to covalent immobilization of the enzyme making it less susceptible to the temperature-induced conformational
changes. Additionally, the microenvironment of microgel-protein is another factor that increases the activity of the enzyme.
This is because at an increased temperature the microgel structure collapses and provides improved substrate diffusion
to the enzyme above the transition temperature of PNIPAm.
[0112] Figure 7 (d) shows a similar dependence of the activity of both the PEI-PNIPAm-immobilized and free enzyme
on the temperature. The results also show that immobilized enzymes show a higher activity at lower temperatures and
the activity gradually decreases with the increase in temperature. As the temperature reaches close to the LCST of the
PNIPAm polymer there is pronounced collapse of the microgel core structure which may, cause sudden burst of enzyme
and also breaking of ionic bonds between enzyme and PEI polymer. The loss in enzyme concentration results in the
activity trend similar to free enzyme.

Example 8

Stability and reusability of PNIPAm-AEMA-immobilized Acetyl CoA-synthetase

[0113] The attachment of an enzyme to a suitable polymer matrix provides longer shelf life and thermal stability to the
biocatalyst. Thermal stability of the enzyme after immobilization on a PNIPAm-AEMA microgel was checked at temper-
atures 32-60°C. The thermal stability of the conjugate enzyme was found to be comparatively higher than the free enzyme
(Figure 8 (a)). The enhancement of rigidity of enzyme structure upon attachment to a support resists change in the native
conformation of enzyme. Protection of enzyme conformation from environmental changes due to restricted mobility of
the covalently immobilized enzyme on support imparts enhanced thermal stability (see above).
[0114] In solution, the native enzyme tends to acquire a thermodynamically stable conformation which leads to distortion

Table 2. Kinetic parameters of PEI-PNIPAm-immobilized and free enzyme for acetate substrate at 37°C.

Enzyme Km (mM) Vmax (U/min)

Free enzyme 180 6 20 16x10-3 6 1x10-3

Immobilized enzyme (PEI-PNIPAm) 420 6 10 44 x10-3:6 2 x10-3



EP 2 921 553 A1

13

5

10

15

20

25

30

35

40

45

50

55

of structure and inactivation of enzyme. At a temperature below the LCST of polymer, PNIPAm-AEMA probably prevents
the unfolding of the enzyme by forming a hydrated surface layer, like a protective colloid. Figure 8 (b) shows the data
for storage stability of free and immobilized enzymes. The immobilized Acetyl CoA-synthetase maintains more than 90%
of its initial activity after storage for 9 days at 4°C in 0.1 M borate buffer, while the free enzyme retains only 63% of its
initial activity under similar conditions. This indicates that the storage stability of enzyme was improved remarkably after
the immobilization on PNIPAm-AEMA core-shell microgel.
[0115] Reusability of a bioconjugate depends on the extent of stabilization which is directly related to the extent of
covalent bond formation and electrostatic interactions. Immobilization of enzyme allows switching of a conjugate from
soluble to insoluble form in solution enabling easy recovery from the reaction mixture. The operation stability of the
PNIPAm-AEMA-immobilized ACS was studied to estimate the number of times an immobilized enzyme can be reused.
To this end, consecutive operation cycles of enzymatic reaction were conducted for 15 min, conjugates were obtained
as mentioned in immobilized enzyme preparation and further washed with 0.1 M borate buffer. The procedure was
repeated using a fresh aliquot of substrate. From Figure 8 (c), it can be seen that the immobilized enzyme preserved
up to 50% of its initial activity even after 4 consecutive operations.

Example 9

Stability and reusability of a PEI-PNIPAm-immobilized Acetyl CoA-synthetase membrane bioreactor

[0116] An enzymatic membrane reactor was constructed by covalently anchoring the immobilized enzyme-microgel
conjugate on an already prepared microgel-PET support. The optimized bioconjugate of Acetyl CoA-synthetase on PEI-
PNIPAm microgel was casted on a PET microgel membrane (see Figure 2).
[0117] The enzyme immobilized membrane surface was prepared on polyethylene terephthalate (PET) track etched
membrane support using enzyme immobilized microgel. The membrane fabrication strategy is outlined in Figure 2. The
pores of the PET membrane were first covered with Cd(OH)2 nanostrands, which were prepared by mixing CdCl2 and
aminoethanol solution. An aqueous solution of 0.3 mM 2-aminoethanol was quickly mixed with an equivolume of 4 mM
cadmium chloride and allowed to stand for 30 min to form cadmium hydroxide nanostrands.
[0118] The nanostrand solution (10 mL) was suction filtered on the PET membrane. Subsequently, a thin layer of
microgel was prepared by filtering a 1 mg/ml concentration PEI-PNIPAm microgel solution and crosslinked by glutaral-
dehyde. After microgel crosslinking, the sacrificial cadmium hydroxide nanostrand layer was removed by repeated
passing of 10 mM HCl solution.
[0119] Membrane was extensively rinsed with buffer and finally 100ml of (1.5 U) enzyme immobilized microgels were
diluted in buffer and allowed to crosslink with free glutaraldehyde at 4°C for overnight on the prepared surface. The
membrane was washed to remove the unbound bioconjugate and used in dead end filtration device to check the catalytic
performance.
[0120] After successful membrane fabrication, a membrane bioreactor was prepared using a dead end filtration device
and employed to study the biocatalytic synthesis of acetyl CoA.
[0121] The permeability behavior of the prepared membrane was assessed by recording the PBS buffer flux at varying
trans-membrane pressure from 1 to 5 bar at room temperature. The flux versus pressure relationship showed linear
correlation (Figure 9 (a)). Since the membrane showed sufficient flux at moderate transmembrane pressure, bioconver-
sion efficiency was checked at 2 bar under constant stirring condition.
[0122] The prepared membrane was subjected to temperature studies and activity of immobilized enzyme with respect
to time was monitored at two different operation temperatures, 25 and 37°C. The biocatalytic trend of the membrane
presented in Figure 9 (b) indicates that initially the activity is almost similar but with the increment in time, the activity of
the bioconjugate at 25°C was higher compared to at 37°C. This result was corresponding to the results obtained in
temperature dependence studies of the bioconjugate PEI-PNIPAm-immobilized acetyl CoA-synthetase. Therefore further
studies on membrane were carried out at 25°C.
[0123] The performance of the membrane was estimated by enzymatic bioconversion of acetate to acetyl CoA. 1.5U
of enzymatic membrane was used for bioconversion of 5 mM of acetate and the reaction was carried out for a period of
24 hr with 5 mM of acetate. Figure 9 (c) represents the time dependent bioconversion of acetate, the conversion gradually
increasing with time to obtain 70% conversion in 6 hr and finally 84% of total conversion was obtained at the end of 24 hr.
[0124] This indicates that the 1.5 U membrane reactor worked at 10mM per min conversion rate of acetate for an initial
6 hr period and after 24 hr the conversion rate remains still at 3mM per min. The prior art had reported a complete
conversion of 1 mM acetate in 1-2 min time using 6.12 U of reactor (Mannens, G., Siegers, G., Lambrecht, R., Claeys,
A. Biochimica et Biophysics Acta 1988, 959, 214-219). The results obtained with the present invention are clearly superior
to results published in the prior art.
[0125] Further the membrane was kept for storage stability at room temperature (23°C) and it was found that the
membranes maintained >50% initial activity till the 4th day (data not shown). To study the efficacy of PEI-PNIPAm-
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immobilized enzyme as a reusable biocatalyst for acetyl CoA synthesis, the membrane was subjected for operation
stability studies.
[0126] The catalyst reusability was determined by measuring stability of the enzyme on the membrane reactor as a
function of the number of reuses. 8 consecutive cycles were operated with alternate washing steps. The residual activity
after each cycle is depicted in Figure 9 (d).
[0127] The membrane showed consistent performance and maintained >70% initial activity of bioconjugate till the last
cycle. Good operation stability of the membrane is due to the protective nature of PEI shell, which provides high stability
to the biocatalyst. This stability allows multiple reuse of the reactor system of the present invention that is highly important
for practical as well as commercial reasons.
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Claims

1. Enzymatic reactor system comprising an enzyme capable of catalyzing the reaction 

immobilized on a polymer microgel, wherein preferably said enzyme is an Acetyl-coenzyme A synthetase.

2. Enzymatic reactor system according to claim 1, wherein the enzyme capable of catalyzing reaction (1) is an enzyme
having the EC number 6.2.1.1.

3. Enzymatic reactor system according to claim 1 or 2, wherein the enzyme capable of catalyzing reaction (1) is a
polypeptide having at least 80% identity, preferably at least 90% identity, more preferably at least 95%, even more
preferably at least 99% identity, to a polypeptide having an amino acid sequence as set out in SEQ ID NO: 1 or in
SEQ ID NO: 2.

4. Enzymatic reactor system according to any of claims 1 to 3, wherein the enzyme capable of catalyzing reaction (1)
has the amino acid sequence as set out in SEQ ID NO: 1 (Acetyl-coenzyme A Synthetase 1; ACS1 from Saccha-
romyces cerevisiae) or in SEQ ID NO: 2 (Acetyl-coenzyme A Synthetase 2; ACS2).

5. Enzymatic reactor system according to any of claims 1 to 4, wherein the enzyme capable of catalyzing reaction (1)
immobilized on a polymer microgel is supported on a membrane, preferably on a PET track etched membrane.

6. Enzymatic reactor system according to any of claims 1 to 5, wherein the polymer microgel comprises a cationic
polymer, preferably wherein the polymer microgel comprises aminoethylmethacrylate and/or polyethyleneimine.

7. Enzymatic reactor system according to any of claims 1 to 6, wherein the polymer microgel comprises at least 0.001
wt%, preferably at least 0.05 wt%, more preferably at least 0.1 wt% of aminoethylmethacrylate and/or polyethyle-
neimine.

8. Enzymatic reactor system according to any of claims 1 to 7, wherein the polymer microgel comprises at most 5 wt%,
preferably at most 1 wt%, more preferably at most 0.5 wt% of aminoethylmethacrylate and/or polyethyleneimine.

9. Enzymatic reactor system according to any of claims 1 to 8, wherein the polymer microgel further comprises poly(N-
isopropylacrylamide).

10. Enzymatic reactor system according to any of claims 1 to 9, wherein the enzyme capable of catalyzing reaction (1)
is immobilized on the polymer microgel by covalent linkage or ionic adsorption.

11. Enzymatic reactor system according to claim 10, wherein the enzyme capable of catalyzing reaction (1) is covalently
linked to the microgel, preferably wherein the enzyme capable of catalyzing reaction (1) is covalently linked to
functional groups on the surface of the microgel, more preferably the enzyme is covalently linked to amino groups
on the surface of the microgel, even more preferably the enzyme is covalently linked to amino groups on the surface
of a microgel comprising aminoethylmethacrylate.

12. Enzymatic reactor system according to claim 10, wherein the enzyme capable of catalyzing reaction (1) is immobilized
on the microgel by ionic adsorption.

13. Enzymatic reactor system according to any of claims 1 to 12, wherein the polymer microgel is of the core-shell type.

14. Use of the enzymatic reactor system according to any of claims 1 to 13 for the synthesis of Acetyl-CoA, preferably
wherein the system is used in a dead end filtration device.

15. Method for the preparation of an enzymatic reactor system according to any of claims 1 to 13, wherein the immo-
bilization of the enzyme capable of catalyzing reaction (1) on a polymer microgel is performed by covalent linkage
or ionic adsorption.
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