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SOMMARIO

Le proprieta di superficie di una membrana sono di grande importanza per la sua funzione.
Mediante tecniche di funzionalizzazione chimica é possibile ottenere membrane con gruppi
funzionali in grado di adempiere nuove e diverse funzioni che rendono la membrana
funzionalizzata un dispositivo in grado di svolgere funzioni multiple trovando applicazione
in vari impieghi.

Le membrane funzionalizzate, infatti, trovano impiego nei processi di separazione, nei
settori che richiedono I’'uso di membrane biocompatibili, ¢ nell’immobilizzazione di
biomolecole che a sua volta trova applicazione nella preparazione di biosensori e
bioreattori a membrana. Questi ultimi sono particolarmente interessanti poiché sfruttano
I’alta superficie specifica della membrana e permettono di integrare il processo di
separazione con quello catalitico.

Il presente lavoro di tesi ha riguardato lo sviluppo di membrane polimeriche
biofunzionalizzate per la decontaminazione di acque da sostanze tossiche quali i pesticidi
organofosfati. Il lavoro & stato focalizzato sullo studio di diverse tecniche per
I’ingegnerizzazione di membrane polimeriche aventi differenti caratteristiche chimico-
fisiche. L impatto dei diversi tipi di funzionalizzazione ¢ stato valutato considerando il
grado di legame e le proprieta catalitiche di biomolecole immobilizzate sulle membrane
funzionalizzate. | polimeri utilizzati per I’immobilizzazione delle biomolecole sono stati il
fluoruro di polivinilidene (PVDF) e il polietersulfone (PES), materiali ampiamente usati in
sistemi di filtrazione. La proteina sieroalbumina bovina (BSA) e I’enzima lipasi da candida
rugosa (LCR) sono state selezionate quali biomolecole modello per lo studio della capacita

di legame e le proprieta catalitiche delle membrane ingegnerizzate.



Le condizioni ottimali di funzionalizzazione e immobilizzazione sono state poi impiegate
per lo sviluppo di sistemi bioibridi contenenti 1’enzima fosfotriesterasi (PTE), un enzima
in grado di operare la detossificazione di organofosfati.

Al fine di migliorare le performance degli enzimi immobilizzati sul PVDF e stato
sviluppato un nuovo approccio di ingegnerizzazione. Esso ha riguardato la sintesi di
nanoparticelle colloidali a base di poliacrilammide e il loro utilizzo, dopo opportuna
funzionalizzazione, come vettori per I’'immobilizzazione covalente di enzimi sul PVDF. La
nuova strategia di immobilizzazione ha permesso di mantenere il microambiente idrofilo a
livello dell’enzima immobilizzato migliorandone di conseguenza le proprieta catalitiche.
La strategia allo stesso tempo ha consentito di preservare 1’idrofobicita della membrana.
Tale proprieta e necessaria per lo sviluppo di sistemi operanti nella decontaminazione di
aria.

I risultati hanno mostrato che I’enzima fosfotriesterasi immobilizzato sul PES mantiene
un’attivita residua maggiore rispetto a quella dell’enzima immobilizzato sul PVDF. La
membrana biocatalitica in PES é risultata idonea per la decontaminazione di organofosfati

in fare acquosa.
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OBIETTIVO DELLA RICERCA
L’obiettivo del presente lavoro di tesi € stato quello di studiare metodi per la
biofunzionalizzazione di membrane polimeriche a base di PVDF e PES per lo sviluppo di
sistemi bioibridi in grado di operare la decontaminazione da pesticidi organofosfati.
L’obiettivo sopra menzionato ¢ stato perseguito tramite i seguenti studi:
e Sviluppo di una strategia di funzionalizzazione di membrane in PVDF
e Immobilizzazione di biomolecole su membrane in PVDF funzionalizzato
e Determinazione delle proprieta di legame e delle proprieta catalitiche delle
membrane in PVDF biofunzionalizzato
e Sviluppo di strategie per il miglioramento delle proprieta catalitiche di enzimi
immobilizzati su membrane in PVDF
e Funzionalizzazione di membrane in PES
e Immobilizzazione di biomolecole su membrane in PES funzionalizzato
e Determinazione delle proprieta di legame e delle proprieta catalitiche delle

membrane in PES biofunzionalizzato

Le strategie di funzionalizzazione studiate per la produzione di membrane bioibride,
potranno essere utilizzate nello sviluppo di dispositivi e sistemi basati sulle membrane

bioibride quali ad esempio bioreattori a membrana, sistemi di separazione e biosensori.
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CONTENUTI DELLA TESI

La tesi ¢ organizzata in due sezioni principali, la prima incentrata sull’analisi dello stato
dell’arte e la seconda sull’attivita sperimentale. L’analisi dello stato dell’arte ¢ stata
finalizzata al consolidamento delle conoscenze generali raggiunte nel campo oggetto di
studio. In particolare, sono state studiate le tecniche per la funzionalizzazione di membrane
polimeriche e le stategie utilizzate per I’immobilizzazione di biomolecole (Capitolo 1).

L’attivita sperimentale ¢ stata suddivisa in diversi capitoli come riportato di seguito:

¢ Nel Capitolo 2 e riportato lo studio condotto su membrane in fluoruro di polividene
(PVDF) al fine di creare su queste membrane gruppi reattivi adatti

all’immobilizzazione di biomolecole.

X/

% Nel Capitolo 3 & discussa la caratterizzazione e la biofunzionalizzazione di

membrane a base di polietersulfone (PES).

X/

“+ Nel Capitolo 4 ¢ riportata la caratterizzazione dell’enzima fosfotriesterasi e la sua
immobilizzazione su membrane in fluoruro di polivinilidene e polietersulfone.
L’impatto sulle performance dell’enzima immobilizzato dei due diversi materiali ¢

stato studiato.

% Nel Capitolo 5 ¢é fornita una breve introduzione sulla tecnica della
polimerizzazione a emulsione inversa, che é stata usata nella sintesi di carrier per

immobilizzazione enzimatica.

% Nel Capitolo 6 e stata riportata la tecnica studiata e messa a punto per
I’immobilizzazione di enzimi su membrane idrofobiche (PVDF) tramite carrier

idrofili al fine di migliore le performance dell” enzima immobilizzato.
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SUMMARY

The surface properties of membranes are critical to their application. Chemical
functionalization of membranes is one of the efficient techniques that can provide the
membranes with novel functionality-properties and transform them into valuable finished
devices for specific applications.

Functionalized membranes are used in the pressure driven separation processes, for
improvement of biocompatibility, for immobilization of biomolecules, preparation of
biosensors and application in membrane bioreactors due to their interesting properties of
high specific surface area and the possibility to combine separation with chemical reaction.
The present research work has been directed towards the development of functionalized
polymeric membranes for detoxification of streams containing organophosphate pesticides.
The impact of different types of functionalization techniques, such as functionalization of
different membrane materials, on loading and catalytic properties of different biomolecules
has been studied.

Membranes based on two different kinds of polymers such as polyvinylidene fluoride
(PVDF) and polyethersulfone (PES) were used for covalent immobilization of
biomolecules after functionalization by wet chemical methodologies. The protein bovine
serum albumin (BSA) and the enzyme lipase from candida rugosa (LCR) were employed
as model biomolecules for testing the binding capacity and the catalytic properties of the
modified membranes.

The optimized functionalization and immobilization conditions were applied to develop
biohybrid systems containing the enzyme phosphotriesterase (PTE), an enzyme able to

detoxify organophosphates.
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In order to improve catalytic activity of the biofunctionalized PVDF membrane an
alternative approach for enzyme immobilization on the hydrophobic membrane was
developed. Polyacrylamide (PAAmM) nanogels were synthesized in the colloidal range and
after functionalization, used as carrier for enzyme immobilization on the functionalized
PVDF membrane. Improvement of catalytic activity was obtained using this new strategy
which allowed immobilizing the enzyme kept in hydrophilic microenvironment without
affect the hydrophobicity of the PVDF membrane. The hydrophobicity is a valuable
property for the membrane when the goal is develop systems for air decontamination.

The results showed that PES membrane has superior performance than PVDF membranes

basing on both, PTE activity and membrane permeability, in liquid phase decontamination.
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RESEARCH OBJECTIVE

The research focus was on the development and characterization of methods for bio-
functionalize polymeric membrane based on PVDF and PES in order to obtain biohybrid
systems able to detoxify organophosphate pesticides.

In order to achieve the aim the following studies were carried out:

Development of a strategy for functionalization of PVDF membrane

e Biomolecules immobilization on the functionalized PVDF membrane

e Evaluation of catalytic properties and binding capacity of biofunctionalized PVDF
membrane

e Investigation of strategies to improve specific activity of biomolecules
immobilized on PVDF membrane

e Functionalization of PES membrane

e Biomolecules immobilization on the functionalized PES membrane

e Evaluation of catalytic properties of biofunctionalized PES membrane

The strategies investigated for production of biohybrid membranes, may be used to design

systems and devices based on the biohybrid membranes, such as membrane-based

bioreactors, systems for separation and biosensing.
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DISSERTATION OUTLINE

The thesis is organized in two main sections, the first one covering the analysis of the

state-of-the-art and the second one covering the research activity. The analysis of the state

of the art aimed at consolidating the knowledge achieved in the field present in the open

literature. In particular the methods for polymeric membrane functionalization and

biomolecules immobilization were studied (Chapter 1). The research activity is organized

in several chapters as reported below:

X/
L X4

X/
L X4

X/
L X4

Development of a functionalization method in order to introduce on polyvinylidene
fluoride (PVDF) membrane reactive groups suitable for biomolecules
immobilization (Chapter 2).

The characterization and biofunctionalization of membrane based on
polyethersulfone (PES) is reported in Chapter 3.

The characterization and immobilization of a thermophilic phosphotriesterase and
the impact of materials having different chemical-physical properties such as PVDF
and PES on its performance is reported in Chapter 4.

A brief introduction on the inverse miniemulsion polymerization technique, is
provided in Chapter 5. This technique was used for the synthesis of hydrophilic

carrier for enzyme immobilization.

In order to improve the performance of enzyme immobilized on hydrophobic membrane

(PVDF), a strategy for enzyme immobilization, by means of hydrophilic carrier was

developed; it is presented in Chapter 6.
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WORK STRATEGY

FUNCTIONALIZATION OF POLYMERIC
MEMBRANES FOR THE DEVELOPMENT
OF BIOHYBRID SYSTEMS

INTRODUCTION ON
FUNCTIONALIZED
MEMBRANES

-------------------------

FUNCTIONALIZATION

OF POLYMERIC
MEMBRANES

HYDROPHOBIC
MEMBRANE
(PVDF)

DEVELOPMENT OF
NANOGELS TO
CREATE HYDROPHILIC
MICROENVIRONMENT
ON HYDROPHOBIC
MEMBRANE

HYDROPHILIC
MEMBRANE
(PES)

BIOMOLECULES

IMMOBILIZATION ON

FUNCTIONALIZED

—1

v

DEVELOPMENT OF

BIOHYBRID

MEMBRANE SYSTEM

Fig. 1. Flow sheet illustrating the overall strategy of the work carried out
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Chapter 1

Introduction on functionalized membranes
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1.1. MEMBRANE AND MEMBRANE PROCESSES

A membrane can be in generally defined as a barrier which separates two phases and
allows selective transportation of species under the influence of a certain driving force. The
driving force is generally due to the difference in chemical or electrical potential in two
sides of the membrane, and is expressed in terms of pressure or electrical potential
gradients. The pressure driven membrane processes are reverse osmosis (RO),
nanofiltration (NF), ultrafiltration (UF), microfiltration (MF), pervaporation (PV) and
membrane gas separation (GS). The concentration gradient driven membrane processes are
dialysis and membrane extraction, while an electrical potential driven membrane process is
electrodialysis (ED).

An important point should be considered with respect to the definition of a membrane: a
membrane is defined by what it does, in other words by its function, not by what it is [1].
Therefore, a wide range of material can be used as membranes. A membrane can be
homogenous or heterogeneous, symmetric or asymmetric in structure, solid or liquid, can
carry a positive or negative charge, or can be neutral or bipolar [2].

Membranes can be made of polymers, metals, inorganic compounds, carbon, ceramic and
liquids. Although a large number of novel polymers have been developed at a lab scale, so
far less than twenty have been used as materials for industrially established membranes.
They include cellulose, polyvinylidene fluoride, polyethersulfone, polypropylene,
polyethylene, polyacrylonitrile, polyamide, polyimide, etc. (see Figure 1.1). These
polymers have different properties which make the corresponding membranes suitable for
certain separation processes [3]. The commercial application of membranes started since
1960s. One of the most important discoveries in the membranes field was that of Loeb and

Sourirajan [4]. They developed the first asymmetric integrally skinned cellulose acetate
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reverse osmosis membrane. The concept of a thin skin layer of separating barrier on the top
of a highly porous polymer support is associated with a much lower pressure drop than
symmetric membranes. This development stimulated the interest about membrane based
separation techniques, either in industrial processes or in academic field. Membranes have
been used extensively in water desalination, waste water treatment, biotechnology,

biomedical industries, pharmaceutical industries, food industries and gas separation [5].

H,C—OH OH HoF ‘|°|
OH = H F W o 5

OH
o (o] POLYVINILIDENE POLYETHERSULFONE
FLUORIDE
OH

CELLULOSE

CH, Th
CH—CH, (|3—C|>
i H H n

CH; ?H
C=N

POLYPROPYLENE POLYETHYLENE POLYACRYLONITRILE
(0] (0]
H H O (0] J_]\
g [l , |L R1 N
N—(CH,)y—N—C—(CH,),—C |
R2
n n
POLYAMIDE POLYIMIDE
(NYLON)

Fig. 1.1. Chemical structures of some polymers used for membrane production.

The most important advantages provided by membrane technology as compared with other
unit operations in biochemical engineering are due to this unique separation principle that
is the transport selectivity of the membrane. Separations performed using membranes do

not require additives; in addition they can be performed isothermally at low temperature
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and compared to other thermal separation processes at low energy consumption. Also, up
scaling and downscaling of membrane processes and their integration into other separation
or reaction processes are easy [6].

However, with the progress of functionalization chemistry and availability of new
materials and technologies, it was realized that membrane has more potential than just
being used as a separation media. Then, the concept of functionalized membranes was
conceived and researchers started modifying membranes to incorporate various kinds of
functionality to use them in different fields of research. This research work involves
experimental and studies with functionalized polymeric membranes. Background studies of

the important research areas related to this thesis are discussed in following sections.

1.2. FUNCTIONALIZED MEMBRANE: BASIC CONCEPTS

The in-service performances of a polymer membrane mainly depend on the chemistry of
the membrane material, the structures and properties of the porous layer, and the
microstructures and surface properties of the top layer. Surface modification of polymer
membranes has emerged in recent years. The main advantage of functionalized membranes
is the versatility of the active groups. It can be tailor-made to impart the desired
functionality from a variety of active groups or molecules depending on the applications.
Functionalized membranes are widely used in various fields, such as, biotechnology, food
and pharmaceutical industries [3, 7]. Functionalized membranes are created by attaching
active groups in the base polymer of the porous membranes (UF or MF membranes).
Porous membrane compared to non porous membrane, offers advantages related to the
higher specific surface area. The active groups can be either incorporated during the

formation of the membrane, or after membrane formation using functionalization methods.
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The surface functionalization of existing membranes is preferred in many cases, as for
example, when functionality of interest cannot be introduced by adding the hypothetical
monomer formally recognized in the repeating unit during polymerization.

Functionalized membranes are generally required in membrane processes based on
developing technologies, including those for biocatalysis, sensing and bioseparation. In
addition the performances of these technologies strongly depend on the functionality of the
membrane surface [8]. Based on the strategies adopted for surface modification, a
functional membrane surface can be prepared. A functional membrane surface,
immobilized with enzyme, can be applied in an enzyme-membrane bioreactor as well as in
biosensors, in which the activity retention and stability of the immobilized enzyme are
essential. In these systems the choice of membrane material and functionalization strategy

influences the enzyme performance.

1.3. DEVELOPMENT OF FUNCTIONALIZED POLYMERIC MEMBRANES

The most widespread approach for the preparation of functionalized membranes is by
surface modification of the preformed membranes with desired functional groups. This
field has progressed rapidly in recent years and has become an important point in
membrane science and technology. Thought these strategies the performance of preformed
polymeric membranes can be improved either because undesired interaction, such as
adsorption or adhesion, can be minimized (e.g. obtaining significant improving for what
concern membrane fouling), or by introducing additional interactions (affinity,
responsiveness or catalytic properties) for new applications. The approaches to surface

functionalization of polymeric membranes are summarized in following sections.
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1.4. OVERVIEW ON ENGINEERIZATION OF POLYMERIC MEMBRANES

The surface properties of polymeric membranes such as biocompatibility, anti-fouling,
hydrophilicity, hydrophobicity, antibacterial properties and conductivity can be improved
by surface modification methodologies without affect the bulk properties of the membrane.
In order to achieve these improvements several approaches have been proposed, e.g.
coating, self-assembly, chemical treatment, plasma treatment and surface graft

polymerization.

1.4.1. Coating

Coating is a simple but effective method for membrane surface modification, and it has
been widely adopted to tailor the surface properties of RO, NF, UF and MF membranes [9-
12].

It is a modification method based on the addition of an extra layer on top of the native
membrane surface. The materials are physically deposited on the membrane surface via
one of the following mechanisms:

e Adsorption-adhesion, the functional layer is only physically attached on the base
polymer; the binding strength can be increased via multiple interactions between
functional groups in the macromolecular layer and on the solid surface;

e Interpenetration by mixing between the added functional material and the base
polymer in an interphase;

e Entanglement of an added material layer and the pore structure of the membrane.

Owing to the coating of these functional materials on the membrane, the surface property
of the membrane could mutate from hydrophobic or non-biocompatible to hydrophilic and

biocompatible. However, this method cannot gain a stable surface, for the materials
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absorbed on the membrane surface run away easily due to the relatively weak interaction

[13].

1.4.2. Self-assembly

Self-assembly is a relatively new technique for membrane surface modification. The
techniques involves self-assembled monolayer (SAMs) and layer by layer assembly (LbL)
which enables the fabrication of “engineerable” highly selective membrane top layers.
SAMs are highly ordered molecular assemblies formed by the adsorption of functionalized
alkanes onto the solid surface [14]. It leads to a structure which is at, or close to,
thermodynamic equilibrium, and thus tends to self-healing/defect rejection and leads to a
closely packed, well-ordered, and stable configuration on the surface [15]. The LbL
technique is extremely versatile in that uniform thin films with a wide range of properties
can be prepared onto various substrates, including membranes [16]. The LbL process is
simple and can be performed in mild conditions using environmentally friendly reagent. It
has become a primary tool for thin film fabrication. The basic process involves dipping a
charged (e.g. cationic) substrate into a dilute aqueous solution of an anionic polyelectrolyte
and allowing the polymer to adsorb and reverse the charge of the substrate surface. The
negatively charged coated substrate is rinsed and dipped into a solution of cationic
polyelectrolyte, which adsorbs and re-creates a positively charged surface. Sequential
adsorptions of anionic and cationic polyelectrolytes allow the construction of multilayer
films [17]. The unique advantages of the method are that a wide variety of materials, both
organic and inorganic, can be incorporated into LbL thin films and that the film

architecture is largely controlled by the deposition sequence.
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1.4.3. Chemical Treatment

Wet chemical treatment is one of the most common methods for functionalize membrane.
Usually the modifications allow retaining mechanical properties of the membrane changing
the interfacial properties. In wet chemical surface modification, a membrane is treated with
liquid reagents to generate reactive functional groups on the surface. This approach to
surface modification can be conducted in most laboratories because does not require
expensive or special equipments. This method is also more capable of penetrating into the
membrane pores compared to plasma and other energy source surface modification
techniques [7]. Chemical treatments include oxidation, addition, substitution and
hydrolysis. Oxidative treatment is the dominant means for chemically modified reactions,
which generally involve dry or wet oxidation. In the case of dry oxidation, a gaseous
oxidation agent, like oxygen, ozone or carbon dioxide is often used. Oxygen-containing
groups such as hydroxyl and carboxyl are introduced onto the membrane surface by flame
treatment or corona discharge in these gases. These groups can also be introduced onto a
membrane by wet oxidation. Wet chemical oxidation involves the use of nitric acid,
sulfuric acid, phosphoric acid, alone or in combination with hydrogen peroxide, sodium
hypochlorite, permanganate, chromate or dichromate of potassium, transition metal

nitrates, etc. [8].

1.4.4. Plasma Treatment

The excitation with plasma is very surface selective [18]. Plasma surface modifications
exhibit multifunctional chemistries such as oxidation, degradation, changes in the
carbon/hydrogen ratio which cause cross-linking and structural changes occurring in the

surface layer without substantially changing the bulk structure. Thus, these chemistries
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occurring only at the contact point between plasma and surface of the solid materials result
in changed physicochemical properties of the surface. The complexity of the chemistries is
due to the complexity of plasma, which contains electrons, ions, radicals, metastable
excited species and vacuum ultraviolet radiations [19]. Plasma treatment for the surface

modification of membranes includes plasma sputtering, etching, implantation, and

spraying.

1.4.5. Surface Graft Polymerization

Grafting methods can usually be divided in two classes, i.e. “grafting to” and “grafting
from” processes. In the case of the “grafting-to” process incorporation of polymer chains
bringing reactive groups can be tailor-made. The “grafting-from” method involves the
incorporation and polymerization of monomers using an active species on the membrane
surface. The main advantage of this technique is that the membrane surface can be
modified or tailored to acquire the desired properties by the choice of suitable grafting
monomers, but at the same time the bulk properties can be maintained. However, another
important advantage of the graft polymerization methodology compared with the physical
modification methods such as coating, is the long-term chemical stability of the modified
surface, ensured by the covalent attachment of polymer chains onto the membrane surface

which avoids detaching.

1.5. MEMBRANE MODIFICATION FOR BIOMOLECULES IMMOBILIZATION
The type of polymer used for membrane preparation, strongly influence the characteristics
of a polymeric membrane. Often such polymeric membranes that have excellent physical-

chemical bulk properties do not possess the appropriate surface properties required for

-26 -



particular applications, like for example biomolecules immobilization. In fact,
biomolecules immobilization is only possible on a surface provided of enzyme binding
sites (functionality) which are the points where the membrane manage to form chemical
bonds with the biomolecules. The membrane modification techniques therefore can be
used to create these desired functionalities on the membrane surface [20]. In the case of
enzyme immobilization, the requirements for these modifications are either dependent on
the enzyme or on the membrane, because enzyme—membrane interactions play an
important role in maintaining the enzyme activity. A brief introduction on the most
common polymeric membrane materials that are being used to prepare membranes with

active groups, are presented below.

1.5.1. Polymeric membrane materials

Several membrane forming material have been investigated as target of functionalization
procedure in order to introduce binding sites. Applications of cellulose [21], regenerated
cellulose (RC) [22], cellulose acetate (CA) [23], polyacrylonitrile (PAN) [24], polysulfone
(PS) [25], nylon [26], PVDF [27], polypropylene (PP) [28] and PES [29] have been
reported. This dissertation deals with PVDF and PES membranes, in the next sections the
strategies, reported in literature, used for functionalization of both PVDF and PES

membranes are presented.

1.5.2. Polyvinylidene fluoride (PVDF) membrane modification
Polyvinylidene fluoride is a popular engineering polymer; membranes based on PVDF
have been used either for scientific research or industrial application in particular micro

and ultrafiltration processes. The great interest to PVDF membrane is due to its
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extraordinary thermal, mechanical and chemical resistance in addition to membrane
forming properties. Its structure consisting of repeated —( CH,-CF;), - units confers to
PVDF these good properties, but makes not possible use it for particular application like
for example biomolecules immobilization by covalent bond. This disadvantage can be
overcome performing PVDF functionalization, in order to introduce on the polymeric
membrane structure, reactive groups that can covalently couple with biomolecules
functional groups. Surface modification of existing PVDF membrane can be performed by
coating or grafting. Coating modification is preferred when only an improved
hydrophilicity of the membrane surface is required, but it is not useful as anchor point for
enzyme immobilization because of the instability of the coated layer which interacts with
the membrane merely by physical adsorption. More interesting for enzyme immobilization
is grafting modification which can introduce on the PVDF backbone functional chains that
can be used for enzyme immobilization, in addition acting on degree of grafting and type
of functional chain introduced it is possible affect or preserve the membrane bulk
properties as for example hydrophobicity [30]. Surface grafting can be performed by high
energy radiation techniques like plasma treatment, ozonation and UV photo irradiation or
by wet chemistry in harsh basic environment. Plasma treatment is an efficient way to
introduce the functional graft chains on the surface of PVDF membrane without affects the
bulk properties of the membrane. The thickness of the modified layer can be controlled up
to the angstrom levels. Hydrogen, argon, helium, oxygen, nitrogen and fluorine-containing
plasmas are frequently used to modify the membrane surface [31]. The ionized species
abstract hydrogen atoms from PVDF and produce the initiating sites on the membrane
surface to initiate the polymerisation of functional monomers as for example acrylic acid

(AAc). However, plasma treatments for PVDF membranes are usually used when the goal
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of the modification is the surface hydrophilization. The main disadvantage of plasma is
that it requires a vacuum system, which increases the cost of the operation. PVDF
membrane prepared by thermally induced graft copolymerization of AAc with ozone-
preactivated PVDF molecules dissolved in an organic solvent (N-methyl-2-pyrrolidone
(NMP)) has been reported by Ying et al. 2002 [32]. Using this strategy a bulk-modified
PVDF was obtained, afterwards, the carboxyl groups of the AAc side chains were used for
the direct immobilization of the enzyme glucose oxidase. Another technique mostly used
for improve the antifouling properties of PVDF membrane is the one that exploits the UV
photo irradiation method. The photo-initiator benzophenon is usually needed to initiate the
photo grafting polymerisation process [33].

In the present work the activation of PVDF membrane for biomolecules immobilization
was performed by wet chemical strategy, under basic condition, using a diamine as carrier

of amino groups.

1.5.3. Polyethersulfone (PES) membrane modification

Membranes based on polyethersulfone (PES) are widely used membranes in ultrafiltration
processes due to their high performance and low cost profile. PES membranes have been
used also in more sophisticated application such as carrier for immobilization of bioactive
molecules in membrane bioreactors. For this aim effort have been done to introduce
reactive groups for biomolecules immaobilization without affect the overall bulk properties.
Because the traditional application of PES membrane are the pressure driven processes the
main problem correlated with the use of pristine PES is due to its high hydrophobicity.
This feature lead the native PES membrane to be easily affected by fouling problem,

therefore the early modification strategy, reported in literature, for PES membrane
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modification were developed in the aim of increase its hydrophilicity. These modifications
can be carried out in several ways. Physical or chemical membrane modification processes
of existing membrane create more hydrophilic surfaces. Such modification processes can
be classified as follow [34]:
e graft polymerization that chemically attaches hydrophilic monomers to the
membrane surface;
e plasma treatment, that introduces different functional groups to the membrane
surface;
e physical preadsorption of hydrophilic components to the membrane surface.
When the aim is the biomolecules immobilization, photochemical surface modification of
existing poly (arylsulfone) membranes (PES and PS) is a popular technique for
introduction of reactive groups. Yamagishi et al. [35] firstly applied the UV irradiation
induced grafting method to modify PES membranes. It was discovered that the poly
(arylsulfone) are intrinsically photoactive and that no photo initiators were required for this
process making possible to perform the modification in mild reaction condition [36]. For
example in the work of Ulbricht et al. [37] acrylic acid was photo grafted in this way on PS
membrane and then activated for enzyme immobilization using 1-ethyl-3-(3-

dimethylaminepropyl) carbodiimide hydrochloride (EDC).

1.6. IMMOBILIZATION OF BIOMOLECULES ON MEMBRANE

Once the membrane is modified, further attachment of groups or molecules depends on the
final use of the membrane. Since this dissertation mainly deals with biomolecules, further
discussion concerns those molecules only. Several techniques of biomolecules

immobilization on membrane or solid support have been reported in literature, they can be

-30 -



broadly classified as physical, where weak interactions between support and biomolecules

exist, and chemical, wherein covalent bonds are formed with the biomolecules [38]. A

schematic diagram showing different types of interactions is presented in Table 1.1.

Table 1.1. Strategies used to immobilize biomolecules on membranes

METHOD

CHARACTERISTICS

EXAMPLE OF
IMMOBILIZED
BIOMOLECULE

TYPE OF

MEMBRANE

Entrapment

The entrapment of biomolecules can be
performed during membrane
preparation, by immobilization between
membrane layers or by cross-flow
filtration of the biomolecule solution
through an asymmetric membrane so
that the biomolecules are entrapped in
the pores. Blockage of membrane pore
due to the biomolecules and leakage are

the main problems.

B-glucosidase [39]

Polysulfone

Gelification

Gelification is based on one of the main
drawbacks of membrane processes:
concentration polarization phenomena
and subsequent protein precipitation
upon reaching a critical concentration at
the membrane interface. An important
drawback of this method is biocatalyst

leakage during the process.

DNase [40]

UF capillary

membrane
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Adsorpion

SR

The adsorption can be performed also on
unmodified membrane; it is a method of
preparing a biocatalytic membrane in
which the interaction of the biomolecule
and the membrane happens through
weak and nonspecific bonds, promoted
by van der Waals forces, hydrogen
bonds or hydrophobic interaction. The
method is cheap and very simple but

stability can be low.

Lipase [41]

Polypropilene

Covalent linking

&2

The covalent linking is the most stable
biomolecule immobilization technique.
This strategy exploits active groups
present on the membrane such as
aldehyde, amine, epoxide, anhydride and
carboxylic acid. The main advantage is
that the covalent bond between the
biomolecule and the membrane is
irreversible therefore no leakage of

biomolecules occurs.

Glucose oxidase
[42]

Cellulose

Crosslinking

Crosslinking is an  immobilization
technique which is performed by
intermolecular  crosslinking of  the
enzymes, either to other protein
molecules or to functional groups
present in an insoluble support matrix,
by using a di-functional agent such as
glutaraldehyde. A drawback is loss of
active  properties of immobilized

biomolecules

a-chymotrypsin
[43]

Polytetrafuoro

-ethylene
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lonic binding

This technique consists in the interaction

+ + + | of a charged biomolecules with the
"‘%...b*'; 6*2 Catalase [44] Chitosan
b |

membrane that has opposite charge.

This technique is performed by
introduction of a spacer molecule, or in
the case of glycoproteins by orientating
the attachment though the carbohydrate
moieties. Other strategies are based on

Site-specific . o .
gene fusion, on site direct mutagenesis

introducing unigue cystein molecules on | Xanthine oxidase Textile
? ? ? biomolecule and on biotin-avidin | [45]
N |

strategy. This technique retains the

activity of the biomolecule along with
the benefits of traditional covalent
bonding but it is expensive and

complex.

1.7. APPLICATIONS OF FUNCTIONALIZED MEMBRANES

The functionalized membranes have been employed in many membrane fields (Fig. 1.2),
like separations processes, biocatalysis, sensing and so on [46]. The applications of
functionalized membranes can be classified in the following different categories on the

base of the membrane role:
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e Functionalized membranes used in separation processes, where the functionalized
membrane permit selective permeation of one of the species and can be used in
continuous mode.

e Functionalized membrane used in sorption processes, in this case the functionalized
membrane have the function of adsorbents, leading to separation and capture of
analytes of interest.

e Functionalized membranes used for catalytic application, in this case functional

groups, enzymes or immobilized nanoparticles perform catalysis.

[ >

Membran=

Functionalization

Functional grovps
lr.
!
E??E?EE?EE‘?E‘E??E?E

Fm{:tmfnaltz% mambcra.m-

Metal im:- Protsin
capturs facovrary- purification

Catalssis WF-type separation

Enzvme
immobilization CO; removal

Fig. 1.2. Applications of functionalized membranes.

This thesis work has been directed towards development of biohybrid polymeric
membranes for sensing, separation and bioconversion. Therefore, background studies of

these three research areas are presented below.
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1.7.1. Functionalized membranes for sensing systems

A chemo or biosensor is described as a device, which consists of a receptor coupled with a
transducer to a detector, thus enabling the conversion of a (bio)chemical signal binding to
the receptor into a physical signal. The difference between a biosensor and a chemosensor
is that the former contains a biological entity such as enzyme, antibody, bacteria, etc. as
recognition agent, whereas the later does not contain these agents [6, 47]. Many sensor
devices involve functionalized membranes which either participate in sensing mechanisms
or immobilize the component responsible for sensing the analyte. There are many
advantages leading to use membrane as component of sensor device. For example the
membrane can perform the function of barrier between the sensor system and its
environment, allowing selective access (e.g. of the analyte only) to the receptor or/and
protecting the receptor from disturbing influences of the environment. In addition if the
transducer is a separate chemical species, the membrane either used as support for the
immobilization of the receptor or tool for bringing it close to the detector, can allow to

integrate the sensing system.

1.7.2. Functionalized membranes for separation processes

Modification of polymeric membrane can be performed in the aim of minimize undesired
(secondary) interaction like adsorption or adhesion which decrease the performance of the
membrane. For example surface modifications of hydrophobic membranes in order to
reduce biofouling problems are often conducted by one of the functionalization techniques
reported previously [48]. Membrane modification strategies can be also conducted for
improving the selectivity of the membrane or creating a new separation property. For

example modification of membranes with immobilized functional polyelectrolytes has
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received attention for its potential in the development of ion-exchange materials and
tunable membrane separations. In the work of Ritchie et al. [49] cellulose membrane were
functionalized with poly-(o,B)-DL-aspartic acid in order to recover heavy metal (Cu™")
demonstrating the importance of the creation of a mobile condensation zone in the
membrane pores by charged polyelectrolytes. The immobilization of suitable functional
groups inside membrane pores allows selective transport of species. An example is the
functionalization of membrane by stimuli responsive polypeptides that was adopted in the
work of Smuleac et al. [50]. In this work the performances of a functionalized
polycarbonate membrane where, evaluated in terms of both permeability and retention

capabilities, which can be reversibly modulated by changing the pH.

1.7.3. Functionalized membranes for bioconversion processes

Functionalized membranes have the potential to contribute significantly toward the
improvement of catalytic applications by providing alternative support for catalyst
immobilization. Membrane-supported catalytic applications not only mitigate the need for
dispersion of the catalyst and its subsequent removal from reaction mixture, but also
provide very high mass transport conditions [46]. Since this dissertation mainly deals with
biomolecules, further discussion concerns functionalized membrane with biocatalysts

(enzymes) only.

1.8. ENZYMES
Enzymes are a group of proteins produced in tiny quantities by all living organisms
(bacteria, plants, and  animals) and  functioning as  highly  selective

biochemical catalysts in converting one molecule into another. The reaction involving

-36 -


http://www.businessdictionary.com/definition/produce.html
http://www.businessdictionary.com/definition/bacteria.html
http://www.businessdictionary.com/definition/plant.html
http://www.businessdictionary.com/definition/catalyst.html
http://www.businessdictionary.com/definition/converter.html

enzymes is known as biocatalysis and the reactant that is being catalyzed with a high
degree of specificity is called the substrate. Enzymes catalyzes reactions in mild conditions
(such as temperature, pH, etc.), that involves in energy saving and reduced manufacturing
costs compared to conventional reactions. They are used in field such as fine-chemical and
pharmaceutical synthesis, food processing, detergent applications, biosensors fabrication,
for degrading of harmless compounds, etc. [51]. Lipase from candida rugosa (LCR) and a
phosphotriesterase (PTE) are the enzymes that have been used in this research. Additional

background information about these two enzymes are provided below.

1.8.1. Lipase

Lipases (triacylglycerol acylhydrolases, EC 3.1.1.3) are serine hydrolases of particular
physiological importance and industrial potential that can catalyze several reactions such
as hydrolysis, interesterification, esterification, alcoholysis, acidolysis and aminolysis (Fig.
1.3). Lipases are used in the dairy and food industries, in the production flavor and aroma
components, in oleochemical industry and in medical application [52]. In addition, they are
used in the leather and detergent industry, in the production of surfactants and for
analytical purposes such as lipase-based potentiometric biosensors for detection of
organophosphate pesticides [53]. One of the most promising fields of lipases application is
the production of optically active compounds for the pharmaceutical industries [54]. This
ability and other special properties such as their capacity to utilize a wide spectrum of
substrates, high stability towards extremes of temperature, pH and organic solvents has
meant that the interest in lipase research increased over the past decades. These properties
allow lipase to catalyze reactions with reduced side products, lowered waste treatment

costs and under conditions of mild temperature and pressure.
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Fig. 1.3. Reaction mechanism of reactions performed by LCR.

Lipases are special enzymes also because their activity is higher against water-insoluble
substrates (such as emulsions) and enhanced at the substrate (oil)-water interface, this
phenomenon was first observed in 1936 by Holwerda et al. [55] and named “interfacial
activation”. In 1990 F. K. Winkler at al. [56] determined the 3D structure of human
pancreatic lipase. They showed that a surface loop, i.e. a lid domain, covers the active site,
which is not accessible to substrates. It was postulated that this loop had to undergo a
conformational change in the presence of a lipid-water interface and this might explain the
phenomenon of interfacial activation.

Despite all the advantages, application of lipases in industrial level is still underdeveloped

because of drawbacks of the extensive use of lipases and biocatalysts in general compared
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to classical chemical catalysts can be found in the relatively low stability of enzyme in
their native state as well as their prohibitive cost. Lipase immobilization can be a solution
to these drawbacks because of enabling reusability, operational flexibility and ease of
product recovery from the enzyme. Different immobilization methods for lipase have been
reported in literature and it even showed an increased activity when immobilized on the

right support with the appropriate method [57].

1.8.2. Phosphotriesterase

This class of enzymes catalyse the hydrolysis of synthetic organophosphate compounds
(OPs) i.e the nerve agent (Sarin, Soman, VX) and the pesticide classes (paraoxon,
parathion, etc.). In the last few years the environmental decontamination of OPs has
attracted an overwhelming interest. OPs are toxic compounds for all vertebrates because
they irreversibly inhibit acetylcholinesterase, a key enzyme of the nervous system. They
have been distributed globally since the end of World War Il and their toxic properties
have also been exploited for the development of chemical warfare agents such as sarin,
soman and VX as well as for the production of agricultural insecticides [58]. Enzymatic
detoxification of OPs has become the subject of many studies because alternative methods
of removing them, such as bleach treatments and incineration are impractical due to high
costs or environmental concerns. The best known bacterial phosphotriesterase identified so
far has been isolated from the soil bacterium Pseudomonas diminuta (PTE: E.C. 3.1.8.1).
Structurally PTE is a homodimeric (B/a)s-barrel with a binuclear metal centre located at the
C-terminal end of the barrel [59]. The catalytic centre is composed of two closely spaced
divalent cations ligated to the protein via direct interactions with four histidines, one

aspartate and a carboxylated lysine residue.

-39-



The catalytic mechanism for the hydrolysis of organophosphate triesters has been well
studied. The best substrate known for PTE is the pesticide paraoxon but the substrate
specificity is very broad and covers a wide range of organophosphates, thiophosphates, and
phosphorothiolates. The Model for the chemical-reaction mechanism of the bacterial PTE

has been proposed by D. Aubert et al. [60], it is presented in Fig. 1.4.
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Fig. 1.4. Catalytic mechanism for hydrolysis of paraoxon by PTE proposed by D. Aubert
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et al.

Unfortunately, mesophilic PTE often suffers problems of low stability due to sensitivity to
changes in pH or temperature also after immobilization. The PTE which is subject of the
present work, is a mutant of the thermophilic Phosphotriesterase-like lactonase (PLL)
isolated from the hyperthermophilic archaea Sulfolobus solfataricus (SsoPox) [61]. This
enzymes has been chosen because its outstanding intrinsic thermal stability which is a

property of valuable interest for applications in any detoxification system, in fact it is well
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known that a high thermal stability involves a high resistance to harsh condition (solvents,

detergents, etc.) and long time stability.

1.9. CONCLUDING CONSIDERATIONS
From the detailed background study of the research areas relevant to this thesis, some

interesting observations can be made.

1.9.1. PVDF functionalization

Various studies have been done on PVDF functionalization in particular in order to
decrease the fouling problems due to its hydrophobicity. In the literature it is reported that
PVDF membrane functionalization is usually carried out by high energy radiation
techniques like plasma, ozonation and UV. Only few examples of existing PVDF
membranes, modified by wet chemistry are reported, principally in harsh basic or acid
environment. However, partial or none information about degree of functionalization,
membrane damaging and amounts of attached biomolecules compared to the number of
reactive groups introduced on PVDF membrane have been reported in these few studies.
Therefore, in the present work have been investigated, for the first time, the process
parameters to achieve a tuned control of the degree of membrane modification using the

chemical grafting method under alkaline conditions.

1.9.2. Phosphotriesterase immobilization
Various systems PTE-based have been used in literature for organophosphate
decontamination. The main problem of all these systems is the low stability of PTE. To our

best knowledge, this is the first study reported on the development of immobilized
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thermostable PTE and the characterization of the resulting biohybrid membrane for

organophosphates pesticides degradation.
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2.1. Introduction

Numerous polymeric membranes that have excellent physical and chemical bulk properties
do not possess the appropriate surface properties required for particular applications. For
this reason, surface modification of polymeric membranes has been of prime importance in
various applications from the advent of membrane-involving industries. Incorporation of
novel functionalities is a versatile means for surface modification of polymeric
membranes. Functionalized membranes are used for immobilization of enzymes [1], for
improvement of biocompatibility [2], preparation of biosensors [3] and application in
membrane bioreactors [4] due to their interesting properties of high specific surface area
and the possibility to combine separation with chemical reaction [5].

Polyvinylidene fluoride (PVDF) is a hydrophobic polymer that because of its outstanding
properties (high mechanical strength, chemical resistance, thermal stability, ultraviolet
weathering resistance), has received great attention as a membrane material compared to
other commercialised polymeric materials. For this reason, PVDF has been largely applied
in microfiltration (MF) and ultrafiltration (UF) membranes processes [6].

Owing to the well-known low reactivity of PVDF, biomolecules are unable to couple with
its surface in a covalent manner, so for this aim the grafting of functional groups is
required. Different surface modification of PVDF membranes have been proposed in
literature. The functionalization is usually carried out by high energy radiation techniques
like plasma, ozonation and UV [6]. Only few examples of PVDF modification by wet
chemistry are reported principally in harsh basic or acid environment [7,8,9]. In this
contest one of the main issues to be addressed is the control of the PVDF degradation with
loss of mechanical properties. Also in the case of PVDF modification for biomolecule

attachment few example are reported in which wet chemical approach was used [7,10].
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Surface grafting is one of the most promising methods to modify the membrane surface
through the covalent bonding interaction between the grafted chains and the membrane
[11]. The grafting method proposed by Kuo et al. [12] which consists of an introduction of
amino groups on PVDF is one of the most interesting because it is economic and no
expensive equipments are required. Starting from this method the functionalization of
PVDF membrane under basic condition was investigated. In the literature it is reported that
when PVDF is treated with an alkaline solution an elimination reaction occurs so fluorine
and hydrogen are eliminated and double bond created in the PVDF chains [13], subsequent
attack of nucleophilic molecules can lead to their grafting into PVDF chains.

In particular, the aim of the present work was the study of the conditions to functionalize
PVDF membranes by graft of 1,5-diamino-2-methylpentane (DAMP) thus creating a
reactive outer surface for biomolecules immobilization.

For the preparation of polyvinylidene fluoride grafted DAMP (PVDF-DAMP) membrane
surfaces, possibilities for adjusting the degree of grafting (DG) by variation of
functionalization conditions such as DAMP concentration, reaction time and reaction
temperature were investigated. The new modified membrane surfaces were in detail
characterized by scanning electron microscopy (SEM), Fourier transform infrared (FTIR)
spectroscopy, ninhydrin test and mechanical resistance test.

After DAMP grafting, subsequent covalent binding of biomolecules to the membrane can
be performed by using a coupling reagent, like glutaraldehyde (GA) [14]. This
methodology is simple and it is known that reactions between the carbonyl group of
glutaraldehyde and the amino functions of the enzyme take place yielding a Schiff base
[15]. This strategy can improve enzyme stability due to multipoint interaction between

enzyme and membrane [10,16].
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Immobilization efficiency test of PVDF-DAMP-GA activated membrane were performed
using as model two biomolecules with different structural properties: the protein bovine
serum albumin (BSA) and the enzyme Lipase from candida rugosa (LCR). Lipases are
serine hydrolases of considerable physiological significance and industrial potential that
can catalyze numerous reactions such as hydrolysis, interesterification, esterification,
alcoholysis, acidolysis and aminolysis [10].

The method carried out in this work is particularly usefull in systems in which the
hydrophobic properties of inert membrane are highly needed to improve membrane

stability in multiphasic membrane reactors.

2.2. Experimental

2.2.1. Materials and chemicals.

Lipase from Candida rugosa (E.C.3.1.1.3, 65 kDa ), BSA protein (65 kDa), ninhydrin,
ethanol, glycine, glutaraldehyde and 1, 5-diamino-2-methylpentane were purchased from
Sigma. Lipase and BSA were dissolved in 50mM phosphate buffer pH 7.

Flat sheet polyvinylidene fluoride (PVDF) membranes were used as support for
biomolecules immobilization; they were kindly supplied by GVS Spa (ltaly) and have an
average pore size of 0.2 um.

The membranes had hydrophobic properties and composite structure consisting of a

selective PVDF layer on a nonwoven polyester (PE) support.

2.2.2. Instrumentation

Samples for scanning electron microscopy (SEM) were analyzed using an EVO MA 10,

Zeiss, Assing. FT-IR spectra were recorded using the Spectrum One System by Perkin
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Elmer Instruments in the range of 4000-650 cm™. Mechanical properties were carried out
on a Zwick/Roell Universal Testing machine (single column, model Zwick Z2.5, Ulm,
Germany) equipped with a 50 N maximum load cell and with pneumatic clamps.
Colorimetric tests were performed using an UV spectrophotometer Perkin-Elmer Lambda

EZ 201.

2.2.3. Surface modification of PVDF membrane.

The PVDF membrane cut into disk (d: 47 mm, pore size: 0.2 um, thickness: 200 pm) was
soaked into 20 mL of DAMP solution (1 M carbonate buffer, pH 11) in order to graft the
DAMP onto the membrane surface [17]. After that the membrane was washed with
ultrapure water.

Then the PVDF-DAMP membrane was treated for 2 hours with GA solution at 25 °C to
graft the GA onto the PVDF-DAMP membrane (PVDF-DAMP-GA). Various GA
concentrations: 0.1-1-5-10-20 % (v/v) were tested in order to obtain a complete coupling of

amino groups. After that the membrane was thoroughly washed with distilled water.

2.3. Characterization of functionalized membrane

2.3.1. Determination of the degree of grafting

Ninhydrin method [18] was used in order to check the amount of grafted amino groups on
the PVDF membrane surface. Ninhydrin reacted with the amino groups grafted on the
PVDF surface to form a purple-coloured compound (Ruhemann’s purple) in solution, the
absorbance of this reaction solution was proportional to the number of grafted amino
groups. The determination was performed adding to a small pieces of PVDF-DAMP

membranes (0.25 cm?), 1 mL of ninhydrin reagent in a tube and heating in boiling water
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bath. Thereafter the reactants were cooled in a cold water bath and diluted with ethanol in a
ratio 1:1 (v/v). The absorbance was measured at 570 nm. Glycine was used as standard, to
obtain a calibration curve for the quantification measurement of the amino groups. The

correlation coefficient between absorbance and concentration was 4000.

2.3.2. Chemical physical and morphological characterizations

Fourier transform infrared (FT—IR) spectra performed with an attenuated total reflectance
method (ATR) was used in order to investigate chemical modification introduced on the
active filtration layer of PVDF membrane as effect of the functionalization treatment.

The samples to be analyzed by scanning electron microscope (SEM) were prepared by

breaking specimens in liquid nitrogen, and after sputtering them with gold.

2.3.3. Mechanical test

Mechanical properties of native and PVDF-DAMP modified membranes were carried out
on membrane samples cut into strips of 10 mm width. The effective membrane strips
length was 30 mm (i.e., the distance between the clamps). The strips thickness were
measured with a digital micrometer (Carl Mahr, Germany) in five points and the average
value was used. The test speed was 7 mm/min, the stress-strain curves were recorded and
elaborated by the Zwick/Roell Master TestXpert software. The average value and the
standard deviation of the Young’s modulus, the tensile strength, and the maximum

deformation were determined on a series of four samples, for each membrane type.
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2.3.4. Biomolecules immobilizations

PVDF-DAMP-GA membrane were immersed in a BSA (1 g L™) or LCR (0.8 g L%
solution (25 mL; in 50 mM phosphate buffer pH 7) at 25°C for 24 h under gentle stirring.
Intense rinsing with buffers at different pH (7 - 5.5 - 8.5) followed, after that the
membranes with immobilized BSA (PVDF-DAMP-GA-BSA) or LCR (PVDF-DAMP-
GA-LCR) were obtained. The rinsing at different pH values (5.5 or 8.5) was carried out on
the membranes functionalized with BSA or LCR in order to remove biomolecule not
covalently linked on the surface (e.g. adsorbed by electrostatic interactions). However, no
BSA or LCR traces were detected in the washing solutions by UV-Vis analyses, indicating
that these macromolecules were immobilized only by covalent bonds.

In order to eliminate unreacted aldehyde groups which can block active site of
immobilized LCR, the PVDF-DAMP-GA-LCR membrane was immersed in a glycine
solution (25 mL, 1 M, in 50 mM phosphate buffer pH 7) at 25°C for 2 h. Thereafter the
membrane was washed with water.

In order to evaluate the quantity of BSA or LCR immobilized on the membrane, the
protein concentration in the initial, final, and washing solution was measured by BCA test
kit (Sigma). The amount of immobilized protein was determinated by mass balance

according to equation 1:
CiVi=CtVi+ Cys Vs + M 1)

Here, m indicates the immobilized protein mass in the membrane, C and V represent the
concentration and volume, respectively; the subscripts i, f and ws indicate the initial, final,
and washing solutions, respectively. The immobilized mass was then normalized by the

membrane area to estimate the immobilized enzyme amount related to membrane surface.
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2.3.5. Lipase Activity measurements

The activity of free lipase was studied by measuring the amount of fatty acids produced by
the hydrolysis of triglycerides in a batch reactor. A Mettler DL25 automatic titrator was
used. The reaction mixture was formed by 19 mL phosphate buffer 50 mM, 1 mL of olive
oil and 1 mL of enzyme solution prepared by dissolving 7 g raw powder/l. The mixture was
stirred at 300 rpm by a magnetic stirrer to produce an oil-water interface.

The activity of immobilized lipase with triglycerides was monitored by titration of fatty

acid extracted into the aqueous phase in a biphasic membrane bioreactor [19] depicted in

2
pi i

. T v

Y \J

Fig. 2.1.

AQUEOUS PHASE OIL PHASE

Fig. 2.1. Biphasic membrane bioreactor scheme

It consisted of two compartments with an arrangement for holding the PVDF-DAMP-GA-
LCR membrane between them, the effective surface area of the membrane was 9.62 cm?.
The substrate (200 mL of oil) was circulated in the compartment facing the immobilized
membrane side. In the other compartment the aqueous phase (200 mL of 50 mM phosphate

buffer pH 7) was circulated. The axial flow rate in the two compartments was 200 mL/min,
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while the applied pressure from the organic phase was 9 kPa and from the aqueous phase
18 kPa to prevent oil passage through the membrane. The resulting trans-membrane
pressure was 9 kPa. Gear pumps were employed to supply the organic and aqueous phases
to the reactor. Two control panels, with valves, flow meters and pressure gauges, were
used to control, separately, the two circuits. A water bath with a thermostat was used to
keep the temperature at 30°C (temperature optimum for the enzyme activity).

In heterogeneous systems the overall reaction mechanism depends on the immobilization
site of the enzyme in the microenvironment and the type of mass transfer of the reactants
from the bulk solution to the enzyme and vice versa for the products [20].

The mass transfer in biphasic membrane reactor, from and to the biocatalytic membrane
microenvironment is due to the diffusion [21].

In this work, the performance of this membrane reactor has been studied on the basis of the
“observed specific activity” (e.g., moles of product obtained per hour per gram of enzyme).
This parameter depends on mass transport and catalytic activity of the enzyme, which
means that fluid properties and hydrodynamics near the interface of the membrane should

be taken into account.

2.4. Results and discussion

2.4.1. Preparation of PVDF-DAMP membrane and characterization

In order to graft amino groups on the surface of PVDF membrane DAMP was used in
basic environment. The PVDF polymer consists of -CH,CF,- groups, but when it is treated
with DAMP at very high pH (>10) -CH=CF- groups are formed due to HF elimination.
Based on the surface modification mechanism of PVDF in aqueous-alkaline medium,

proposed by G.J. Ross et al. [13], a possible mechanism of DAMP grafting on PVDF is
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proposed in Fig. 2.2. In the proposed mechanism only the nucleophilic attack of amino
group in C5 (the less sterically hindered) it is shown for clarity. However is not possible to
exclude the nucleophilic attack of amino group in C1, as well as the reaction of both amino

groups forming a bridge between two polymer chains.

_HO o _9
JCRCH-CE-CH 1 2 CRCHICF-CH I, —F, 4CF-CH =CF-CH,}.
He Cr
“OH
e < HE
+C%CHECEfHﬁa HCRG G CHE, —— CRCH=C-CH},

3 H,N HN
'tN/b}ﬂNHz 2 AV}WNHZ T Pl

2

Fig. 2.2. Possible mechanism of alkaline-induced DAMP grafting on PVDF (only the

nucleophilic attack of amino-group in C5 is shown for clarity).

In order to graft the DAMP onto PVDF membrane three different parameters were varied:
DAMP concentration, reaction temperature and reaction time. A summary of the
modification conditions tested (columns A — G) and their characterizations by ninhydrin

tests were reported in Table 2.1.
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Table 2.1. Operative condition tested for DAMP grafting on PVDF membrane and relative

positive or negative results of ninhydrin test

A B C D E F G

REACTION 25 25 25 35 35 50 50
TEMPERATURE

[DAMP] (M) 1 1 2 1 2 2 2

REACTION TIME 12 24 24 24 24 12 24

(h)

NINHYDRIN TEST NEGATIVE NEGATIVE NEGATIVE POSITIVE POSITIVE POSITIVE POSITIVE

Based on the ninhydrin test (Table 1) no amino groups were grafted on the PVDF
membrane at room temperature (25°C). The test was positive for modification conducted at
35°C and 50°C for all DAMP concentration and reaction times investigated.

Various degrees of modification of PVDF membranes were achieved changing reaction
temperature and reaction time. The influence of reaction temperature was evaluated in the

range 25-50 °C using DAMP solution 2 M and reaction time 24 hours (Fig. 2.3).
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Fig. 2.3. DAMP degree of grafting (DG-DAMP) on PVDF membrane (in terms of mmol
of amino groups per membrane cm?) as function of reaction temperature using DAMP 2M

and reaction time 24 hours.

Based on ninhydrin test and FT-IR spectra the functionalization conditions reported in
column G (Tab. 1) were chosen for further investigations. The influence of reaction time
on the degree of grafting (DG) was quantified keeping the other parameters unchanged

(Fig. 2.4).
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Fig. 2.4. DAMP degree of grafting (DG-DAMP) on PVDF membrane ( in terms of mmol
of amino groups per membrane cm?) as function of reaction time using DAMP 2M and

reaction temperature 50° C.

The amount of amino groups present on the membrane increases with treatment time and
reached a plateau at about 0.3 pmol/cm?.

Modified membranes were also characterized by FTIR-ATR spectroscopy. An interesting
data emerged from ATR-FT-IR analyses, it was the presence of a band at 1739 cm™ due to
-CH=CF- groups present in the native PVDF membrane, that were probably formed as
defects by HF elimination during the polymer synthesis. After the grafting with DAMP the
intensity of this band increased and a new intense IR absorption was detected at 1632 cm™
and assigned to N-H bending.

The FT-IR analysis performed on membranes treated increasing reaction times, showed

increased peak intensity (Fig. 2.5), in a good correlation with ninhydrin test showed in Fig.

2.4.
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Fig. 2.5. FT-IR spectra : (a) PVDF membranes treated with DAMP 2M at 50° C for

different reaction times.

Since the membrane used is composite and our purpose was to modify just the PVDF
layer, the PE support was removed from the membrane, by dissolving the PVDF layer in
DMA (PVDEF is soluble in DMA, while PE is stable in this solvent). The remaining PE
support was then treated as previously reported for the membrane, but as expected, from
ATR-FT-IR and ninhydrin test no chemical modification were observed. Then the PVDF-
DAMP membrane was activated for covalent immobilization of biomolecules, by
glutaraldehyde treatment. Glutaraldehyde as well as DAMP increase the distance between

membrane surface and biomolecule, thus working as a spacer, they are able to increase the
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biomolecule degree of freedom. In the case of the enzyme, allows better interaction with
the substrate.

Ninhydrin test was used in order to check the effect of GA concentration (0.1, 1, 5, 10, 20
%) and time contact (2, 12, 24 hours) on coupling of amino groups with GA. A treatment
of 2 hours with GA 10 % (v/v) at 25°C was found to be enough to obtain complete
coupling of amino groups.

No relevant differences were observed by SEM analyses on membrane morphology before

and after functionalization of PVDF membrane (compare Fig. 2.6a with Fig. 2.6b).

\
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Fig. 2.6. SEM images of native PVDF membrane (A) and PVDF-DAMP (B).

2.4.2. Mechanical properties of modified membrane

The mechanical properties of the membranes were evaluated by stress-strain elongation
tests conducted on native and functionalized samples in dry state. The effect of the
different functionalization time on the elastic modulus of the membranes is plotted in Fig.

2.7.
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Fig. 2.7. Tensile strength as function of reaction time in the PVDF-DAMP membranes.

As we can appreciate from the graph, the tensile strength of the membrane decreases with
the treatment time. As a consequence, an opposite effect of the treatment time on the
degree of grafting and mechanical properties of the membrane was observed. In fact, after
6 hours of DAMP treatment a decrease in tensile strength of about 30% was found, in
respect to reference membrane. The value increased to 58% with the sample treated at 24
hours. However, going from 6-12 hours to 18-24, the degree of grafting increases of about
50% (see Fig. 2.4). The evaluation of treatment may be identified also on the basis of
immobilization efficiency, as discussed in the next sections.

The reduction in the tensile strength with the increasing of the reaction time (Fig. 2.7) was
probably due to the chemical damage of the polymer chains occurring after long exposition
to highly alkaline chemicals [22, 23]. Moreover, an excessive number of double bonds on
the polymer chains can induce an increase of membrane stiffness increasing membrane

fragility.
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2.4.3. Biomolecule immobilization and enzyme activity

After membrane functionalization the immobilization of biomolecules was carried out. A
model protein (BSA) and a model enzyme (LCR) were selected as biomolecules for
immobilization experiments. These two proteins have different properties in terms of
hydrophilicity/ hydrophobicity, in particular data on 3D structure of lipases indicated that
they were fairly hydrophilic and exposed uncharged polar residues in aqueous solution.
However this protein also contains an important hydrophobic core located in the catalytic
site that is activated in the presence of emulsion interface [24,25]. BSA chemical structure
is basically composed of a low content of apolar amino acids and a high content of charged
amino acids and the most outstanding property of BSA was the ability to interact with
different types of ligands [26]. The study of the immobilization method with these two
proteins may allow to verify the influence of hydrophilic/hydrophobic interaction on the
loading efficiency.

The amounts of BSA and LCR immobilized onto the PVDF-DAMP-GA and native PVDF
(control) membranes are shown in Fig. 2.8, for a contact time DAMP/membrane of 24

hours.
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Fig. 2.8. Immobilized amount of BSA and LCR on PVDF and PVDF-DAMP-GA

membranes.

The grafting yield of BSA on the surface of the PVDF-DAMP-GA-BSA membrane (128 +
12.6 pglcm?) was about 35 fold higher than for the unmodified membrane. The grafting
yield of LCR on the surface of the PVDF-DAMP-GA-LCR membrane (154 + 11.5
Hg/cm?) was about 18 fold higher than for the unmodified membrane. The different degree
of immobilization between the two proteins could be attributed to the difference nature
lipophilic/hydrophilic for lipase and prevalently hydrophilic for BSA as well as the
different degree of protein aggregation [7]. The degree of lipophilicity/hydrophilicity can
influence the protein concentration at the interface membrane/protein solution: the less
hydrophilic protein (lipase) will have an higher concentration at the membrane
(hydrophobic) interface with respect with the more hydrophilic (BSA), favouring the

enzyme loading.
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The specific activity of free and immobilized lipase was evaluated in the batch reactor and
in the biphasic membrane bioreactor (described in section 2.3.5) respectively. The enzyme
activity was reported in terms of units/mg enzyme. One unit is defined as a rate of
production of 1 umol of fatty acid per minute. The specific activity of free lipase was 10 (+
0.98) U/mg.

As previously reported in section 2.4.2 (see also Fig. 2.7), the degree of grafting increases
of about 50% if the DAMP/membrane contact time was increased from 12 to 18 h, while
the tensile strength have higher decrease. So, in order to check the effect of
DAMP/membrane contact on enzyme immobilization/activity the experiment was focused
considering 6 and 24 hours.

The amount of immobilized BSA was 87.6 pug/cm? and 128 pg/cm? after 6 and 24 hours of
DAMP/membrane contact time, respectively. Same trend was observed for lipase; in fact
66.3 pg/cm? and 154 pg/cm? of immobilized enzyme were obtained. However for what
concerns lipase activity, after 6 h of time contact between DAMP/membrane 3.68 U/mg
was obtained, while 2.30 U/mg was obtained using the longer contact time. In addition,
with the first membrane the observed specific activity remains the same after 4 cycles of
measurement, for a total time of about 20 days.

The reduction of enzyme activity with the increase of enzyme amount might be explained
by enzyme crowding on the surface that could result in the blocking of the active site or
protein denaturation [8, 28]. This could cause higher rigidity of the biocatalyst, thereby,
inhibiting the ability of the enzyme to bind the substrate. In the work of Kuo et al. [12]
same trend was obtained about the relationship between amount of immobilized
enzyme/specific activity, although the lipase had different degree of purity and was used

with a different substrate.
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A good compromise between observed specific activity, amount of immobilized enzyme

and membrane stability was obtained by using a contact time DAMP/membrane of 6h.

2.5. Conclusions

In this study a method to functionalize hydrophobic PVDF membrane was developed.
Although PVDF is a chemically inert material, the possibility of using it as support for
covalent biomolecules immobilization after appropriate treatments has been demonstrated.
Parameters such reaction temperature, time of treatment and DAMP concentration have
been tuned to control the total degree of modification. The mechanical properties of the
membranes were reduced proportionally to the increase of the degree of modification. A
suitable compromise between membrane functionalization and biocatalytic efficiency has
been identified.

The observed specific activity of lipase immobilized on PVDF was about 40% of the
activity of free lipase which is quite good considering that this observed value is strongly

influenced by mass transfer properties and therefore underestimated.
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Chapter 3

Biofunctionalization of PES membrane
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3.1. Introduction

Polyethersulfone (PES) is a polymer that shows excellent oxidative, thermal and hydrolytic
stabilities as well as good mechanical and film-forming properties. Owing to these factors,
membranes based on PES are widely employed in processes such as microfiltration (MF)
and ultrafiltration (UF) [1]. However, the disadvantage for applying PES is their intrinsic
hydrophobicity, which increases membrane fouling in MF and UF processes [2]. The low
wettability of PES membrane can cause troubles also in more sophisticated applications
such as biomolecules immobilization for production of bio-hybrid membrane. In addition
the presence of binding site is required to immobilize covalently the biomolecules on PES.

Owing to these reasons, commercial membrane made of a non standard grade (NSG-PES)
functionalized with a positively charged polyelectrolyte layer bringing free amino groups
was selected as hydrophilic membrane provided of functional groups suitable for
biomolecules immobilization. The model biomolecules (the enzyme Lipase and the protein
BSA) were covalently immobilized on the membrane after glutaraldehyde activation of the
amino groups. The pristine and glutaraldehyde-activated membranes were characterized by
static water contact angle measurements and ninhydrin test. The new bio-hybrid
membranes were characterized in terms of binding efficiency and catalytic performances

of immobilized lipase.

-76 -



3.2. Experimental

3.2.1 Materials and chemicals.

Lipase from Candida rugosa (E.C.3.1.1.3, 65 kDa ), BSA protein (65 kDa), ninhydrin,
ethanol, glycine, BCA test kit and glutaraldehyde were purchased from Sigma.

The NSG-PES membranes were supplied by GVS Spa (Italy) and have a pore size equal to

0.2 um, a thickness equal to 110 (£ 10) um and bubble point higher than 4.3 bar.

3.2.2. Instrumentation

Static water contact angle (SCA) measurements were performed using a CAM 200 device
(KSV Instruments, Ltd.). A drop of water (5 pL) was injected using a micro-syringe with
automatic dispenser onto the membrane surface. Data for 4 drops on different locations
were averaged to obtain the contact angle of each membrane sample. Colorimetric tests

were performed using an UV spectrophotometer Perkin-Elmer Lambda EZ 201.

3.2.3. Surface modification of NSG-PES membrane.

The NSG-PES membrane brings free amino groups which can be easily converted in
reactive groups suitable for enzyme immobilization. The NSG-PES membrane cut into
disk (@ 47 mm) was treated with glutaraldehyde solution at 25°C. Various glutaraldehyde
concentration (1-5-10% v/v) were tested for one or two hours in order to obtain a total
coupling of amino groups and generate reactive aldehyde pendant groups onto the
membrane (NSG-PES-GA). After that the membrane was thoroughly washed with distilled

water and stored at 4°C.
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3.3. Characterization of membrane

3.3.1. Chemical physical characterizations

The content of the amino groups on the NSG-PES membranes was determined by the
ninhydrin method [3], using glycine as standard. The membranes were cut in small pieces
(0.25 cm?) and reacted with 1 mL of ninhydrin reagent in a tube heated in boiling water
bath. Thereafter the reactants were cooled in a cold water bath and diluted with ethanol in a
ratio 1:1 (v/v), measuring the absorbance at 570 nm. The wettability of the membranes was

investigated by SCA measurement.

3.3.2. Biomolecules immobilizations

NSG-PES-GA membrane were immersed in a BSA (1 g L) or LCR (0.8 g L™ solution
(25 mL; in 50 mM phosphate buffer pH 7) at 25°C for 24 h under gentle stirring. Rinsing
with buffers at different pH (7-5.5-8.5) followed, after that the membranes with
immobilized BSA (NSG-PES-GA-BSA) or LCR (NSG-PES-GA-LCR) were obtained.

In order to evaluate the quantity of BSA or LCR immobilized on the membrane, the
protein concentration in the initial, final, and washing solutions was measured by BCA test
kit. The amount of immobilized biomolecules was determinated by mass balance according
to equation 1 reported in chapter 2. The immobilized mass was then normalized by the
membrane area to estimate the immobilized biomolecules amount related to membrane

surface.
3.3.4. Lipase Activity measurements

The activity of free lipase and immobilized LCR was measured using olive oil as substrate.

The protocols used have been already reported in section 2.3.5 (chapter 2). Briefly the
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NSG-PES-GA-LCR membrane was placed in the two compartments cell of the biphasic
membrane bioreactor depicted in figure 2.1. The organic phase (oil, 200 mL) was
circulated in the compartment facing the immobilized membrane side, while the water

phase (200 mL of 50 mM phosphate buffer pH 7) was circulated in the other compartment.

3.4. Results and discussion

3.4.1. Preparation of NSG-PES-GA membrane and characterization

The amount of primary and secondary amino groups present on the NSG-PES membrane
was quantified by ninhydrin method. The amino groups on the NSG-PES membrane were
reacted with ninhydrin to form a purple-coloured compound (Ruhemann’s purple) in
solution, the intensity of this reaction solution was proportional to the amino groups
amount. The amino content of the NSG-PES membrane was 0.1 + 0.015 umol/cm?.
Afterwards the NSG-PES membrane was activated for BSA and LCR immobilization by
GA treatment. The ninhydrin test was used in order to check the effect of GA
concentration (1, 5, 10 %) and time contact (1-2 hours) on quenching of amino groups by
GA, with the production in the case of positive results of a colourless solution, see Table
3.1. After a treatment of 2 hours with GA 5% (v/v), amino groups were not detected by
ninhydrin method, this means that it is enough to obtain complete coupling of amino

groups.
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Table 3.1: Condition tested for GA of NSG-PES membrane and relative positive or

negative ninhydrin test

Membrane GA Treatment  Ninhydrin test
Concentration  time (h)
(% viv)
1 1 Positive
5 1 Negative
10 1 Negative
NSG-PES 1 2 Positive
5 2 Negative
10 2 Negative

The wettability of NSG-PES membrane wasn’t affected by GA treatment, in fact for the
NSG-PES membrane a contact angle of 33° £ 1 was detected whereas for the NSG-PES-
GA membrane a contact angle of 36° + 3 was detected. Therefore the NSG-PES membrane

before and after GA treatment are highly hydrophilic membrane.

3.4.2. BSA and LCR immobilizations

Proteins with different structural properties and similar molecular weight, such as Lipase
and BSA, were selected as models for immobilization on the NSG-PES-GA membranes.
The 3D structure of lipases indicated that they expose uncharged polar residues in aqueous
solution [4], whereas BSA chemical structure is basically composed of a low content of
apolar aminoacids and a high content of charged aminoacids [5].

The amounts of BSA and LCR immobilized onto the NSG-PES-GA membranes are shown

in Fig. 3.1.
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Fig. 3.1 Amounts of BSA and LCR immobilized on NSG-PES-GA membranes

The difference in terms of total immobilized amount between Lipase (38 + 2 ug/cm?) and
BSA (27 + 2 ug/cm?) was not significantly high on NSG-PES-GA membranes in good
agreement with the finding on PVDF-DAMP-GA membrane (Fig. 2.8). However,
compared to BSA, in both case LCR is more prone to be immobilized on the membrane.
This could be explained considering the chemical structure of lipase characterized by
uncharged polar and apolar residues that reduced the interaction with water molecules.
This aspect can influence the protein concentration at the interface membrane/protein
solution: the more hydrophobic protein (lipase) will have a higher concentration at the
membrane interface with respect with the more hydrophilic (BSA). A higher concentration

of the lipase at the interface is expected to favour the lipase immobilization.
3.4.3. LCR activity assays

The most important characteristic of lipases is the activation at oil-water interface

(interfacial activation). The specific activity of free and immobilized lipase was evaluated
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in the batch reactor and in the biphasic membrane bioreactor (described in section 2.3.5,
chapter 2) respectively. The specific activity of free lipase was 10 (+ 0.98) U/mg, while the
specific activity of lipase immobilized on NSG-PES-GA was 6 £+ 0.6 U/mg. Therefore the
retained specific activity of lipase immobilized on NSG-PES-GA was higher than lipase
immobilized on PVDF-DAMP-GA membrane. This could be due to the lower amount of
lipase immobilized on the NSG-PES-GA as a consequence of low reactive groups present

on the modified PES membrane compared to the modified PVDF membrane.

3.5. Conclusions

In this study a non standard grade polyethersulfone membrane (NSG-PES) functionalized
with a positively charged polyelectrolyte layer bringing free amino groups were used as
support for immobilization of model biomolecules. This membrane was selected on the
base of its hydrophilicity and reactive surface which is provided of sites for immobilization
of biomolecules. The model biomolecules BSA and lipase were covalently immobilized on
the membrane after activation of amino groups by glutaraldehyde reaction. The conditions
for BSA and lipase immobilization were studied as well as the conditions for
glutaraldehyde reaction. Afterword the specific activity of immobilized lipase was
evaluated in a biphasic membrane reactor. The observed specific activity of lipase

immobilized on NSG-PES-GA was about 60% of the activity of free lipase.

-82-



References

[1] B. Van der Bruggen. Chemical Modification of Polyethersulfone Nanofiltration
Membranes: A Review Journal of Applied Polymer Science. 114 (2009) 630642

[2] J. Pieracci, J.V. Crivello, G. Belfort, Photochemical modification of 10 kDa
polyethersulfone ultrafiltration membranes for reduction of biofouling, J. Membr. Sci. 156
(1999) 223-240.

[3] S.W. Sun, Y.C. Lin, Y.C. Weng, M.J. Chen. Efficiency improvements on ninhydrin
method for amino acid quantification. J. Food Compos. Anal. 19 (2006) 112-117.

[4] P. Grochulski, Y.G. Li, J.D. Schrag, F. Bouthillier, P. Smith, D. Harrison, B. Rubin, M.
Cygler, Insights into interfacial activation from an open structure of Candida rugosa lipase,
J. Biol. Chem. 268 (1993) 12843-12847.

[5] J.R. Brown, P. Shockley, Serum albumin: structure and characterization of its ligand
binding sites, in: P.C. Jost, O.H. Griffith (Eds.), Lipid—Protein Interactions, John Wiley,

NewYork, 1982, pp. 25-68.

-83-



Chapter 4

Phosphotriesterase immobilization on polymeric membranes
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4.1. Introduction

Organophosphates triesters (OPs) are a class of toxic compounds that have been employed
in the agricultural industry as pesticides and insecticides; the warfare nerve agents (sarin,
soman and VX) are also OPs [1]. The mechanism of action of these compounds is realized
by the irreversible inhibition of the enzyme acetylcholinesterase, a key enzyme of the
nervous system, resulting in accumulation of acetylcholine which interferes with muscular
responses leading to death.

OPs poisoning may occur through: 1) consumption of liquids or foods contaminated with
nerve agents, 2) contact with contaminated surfaces 3) terrorist acts or industrial accidents.
Therefore, there is a strong necessity of different strategies-systems for OPs treatment and
a growing public concern regarding the protection from these substances.

Owing to the high costs or environmental concerns of the methods used to destroy OPs
(bleach treatment and incineration), alternative methods like enzymatic detoxification has
become of great interest [2] also for the in situ monitoring and destroy of the OPs.

Bacterial phosphotriesterase (PTE) are appealing due to their broad substrate specificity
and high catalytic rate [3], but their stability in solution is low [4]. It is very well known
that immobilization of enzyme gives the possibility to improve the catalytic stability of the
biocatalyst. Membranes are the optimal support for the PTE immobilization because they
can mimic native microenvironment [5, 6].

In this work a single mutant of a Phosphotriesterase-like lactonase (PLL) from Sulfolobus
solfataricus, a hyperthermophilic archaeal, has been immobilized on polymeric membranes
and characterized in terms of catalytic activity and long term stability. The enzyme is a
single mutant obtained by combining different approaches of protein engineering named

SsoPox W263F [7]. To our best knowledge, this is the first study reported on the
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development of immobilized thermostable PLLs (SsoPox W263F) and the characterization
of the biocatalytic membrane system for organophosphates degradation. The exceptional
intrinsic thermal stability of this enzyme is a property of valuable interest for applications
in any detoxification system, in fact it is well known that a high thermal stability involves a
high resistance to harsh condition (solvents, detergents, etc.) and long time stability. In
order to produce systems for detoxification of OPs contained in water or air, the SsoPox
W263F was immobilized on membranes having different properties in terms of wettability.
For this reason, the effect of membranes with various hydrophobic-hydrophilic properties
on SsoPox W263F immobilized activity and stability was investigated. Polyethersulfone
(PES) and polyvinylidene fluoride (PVDF) were selected as hydrophobic and hydrophilic
membranes, respectively. Membranes based on PES and PVDF are both widely used for
micro and ultrafiltration because they exhibit high mechanical strength, good chemical
resistance and thermal stability as well as excellent aging resistance. Furthermore, these
materials are suitable for the construction of filters and masks.

The catalytic properties of free and immobilized SsoPox W263F were evaluated by using a
model organophosphate, the pesticide paraoxon, dissolved in water. Results showed that
immobilized SsoPox W263F retained catalytic activity and that biocatalytic membrane
systems performance can be tuned on the basis of immobilized enzyme amount and

hydrophilicity of membrane support.

4.2. Materials and methods
4.2.1 Chemicals
PTE enzyme was the mutant SsoPox W263F from Sulfolobus solfataricus (more details

are given in a following section). The pesticide ethyl paraoxon, 4-nitrophenol, hepes
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sodium salt, trizma base, glutaraldehyde and 1,5-diamino-2-methylpentane were purchased
from Sigma-Aldrich. BCA protein assay kit (Thermo Scientific) was used to evaluate

protein solutions concentration [8].

4.2.2 Membrane synthesis and characterization

As support for SsoPox W263F immobilization two different flat sheet microfiltration
membranes were used: one hydrophilic and non supported membrane based on a non
standard grade PES membrane functionalized with a positively charged polyelectrolyte
layer (NSG-PES, GVS) and one hydrophobic membrane based on polyvinylidene fluoride
(PVDF) supported by a polyester non-woven. The membranes were prepared by GVS Spa
(Italy) by using a non-solvent-induced phase inversion (NIPS) process.

The NSG-PES membrane (GVS code M08A0020C) has a pore size equal to 0.2 um, a
thickness equal to 110 (£ 10) um and bubble point higher than 4.3 bar.

The PVDF membrane used in this study (GVS code M09G0020) was prepared by casting a
PVDF solution on a non-woven polyester support. It is characterised by a nominal pore
size equal to 0.2 pm, an air flow ranging from 2.10 to 5.40 I/min (at 1 bar, on a 1 cm? test
sample, and T=25°C), a Water Break Through higher than 1.8 bar, a hydrorepellency grade
higher than 9.5 according the DuPont Teflon Test standard, an oleorepellency grade higher
than 3.5 according to the procedure described in AATCC118-2002, and a thickness

ranging from 150 to 200 pum.

4.2.3. Membranes biofunctionalization and surface activation procedure
The NSG-PES membrane brings free amino groups which can be easily converted in
reactive groups suitable for enzyme immobilization. The NSG-PES membrane cut into

disk (@ 47 mm) was treated with 5% v/v glutaraldehyde solution at 25°C to obtain a total
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coupling of amino groups and generates reactive aldehyde pendant groups onto the
membrane (NSG-PES-GA). After that the membrane was thoroughly washed with distilled
water and stored at 4°C.

The PVDF membrane cut into disk (@ 47 mm) was treated for 6 hours at 50°C with a 2
molar solution of 1,5-diamino-2-methylpentane (DAMP) in order to introduce onto the
PVDF surface amino groups (PVDF-DAMP). Detailed description of the procedure has
been already reported in chapter 2. The PVDF-DAMP membrane described above was
then treated with 20 mL of 10% (v/v) glutaraldehyde solution at 25 °C for 2 hours so the
amino groups were derivatized with glutaraldehyde (PVDF-DAMP-GA), after that the

membrane was washed with distilled water and stored at 4°C until used.

4.2.4. Characterization of modified PVDF and NSG-PES membranes

FT-IR spectra were recorded using the Spectrum One System by Perkin-Elmer Instruments
in the range of 4000-650 cm™. Colorimetric tests were performed using an UV
spectrophotometer Perkin-Elmer Lambda EZ201. The wettability of the membranes was
investigated by static water contact angle (SCA) measurement using a CAM 200 device
(KSV Instruments, Ltd.). A drop of water (5 puL) was injected using a micro-syringe with
automatic dispenser onto the membrane surface. Data for 4 drops on different locations
were averaged to obtain the contact angle of each membrane sample. Samples for scanning
electron microscopy (SEM) were analyzed using an EVO MA 10, Zeiss, Assing.

The mean pore diameters was measured by a capillary flow porometer (PMI, Porous
Materials Inc. Ithaca, NY) using as wetting liquid 3 M™ Fluorinert™ Electronic Liquid

FC-40.
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Pure water permeation test on PVDF membranes were performed using a SteriltechTM
HP4570 dead-end stirred cell having an active membrane area of 14.6 cm?, pressurized by
air. After about two hours of stabilization, permeate water was collected at regular time

intervals in order to determine the flux (J) and Permeance (P) as reported in the following

equations:
Q
;‘rw = A (1)
_Jw
g TMP (2)

Where Jy is the pure water flux (L h™m?), Q is the water flow rate permeated (L h™), A is
the effective membrane area (m?%), and TMP (bar) is the trans-membrane pressure
difference.

Pure water flux measurements on NSG-PES membranes were performed at a TMP within
a range of 0.02-0.1 bar using a cross-flow filtration cells with 13.45 cm? active membrane
area.

The water vapour permeation tests were performed by the “cup method” [9]. This method
consists of a disk of membrane (0.003 m?), sealed by a ring on a container containing 150
mL of ultrapure water. The space between the water level and the membrane was about 1
cm. The container was placed in a humidity-controlled chamber (humidity 30%,
temperature 40°C), the atmosphere inside the chamber was ventilated. The transmembrane
pressure was estimated from the difference of water vapour pressure between the cell (RH
100%) and the external chamber (RH 30%) at 40 °C. The flux of water vapour through the
membrane was determined by the rate of weight decrease of the container. An experiment

took about 30 h and the weight reduction was determined each hour.
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4.2.5 SsoPox W263F production and purification

The pT7-7ssopox mutant constructs were transformed in E. coli BL21(DE3) cells to
express the protein of interest, and all the procedures were carried out as reported
previously [4, 7]. Briefly, wet frozen cells (40 g) were thawed and resuspended in 120 ml
of buffer A (20 mM Hepes pH 8.5, 0.2 mM CoCl,). Cells were broken by French pressure
cell disruption (Aminco Co., Silver Spring, MD, USA), and cell debris was removed by
centrifugation (80,000g, 20 min, 4 °C). After dilution with buffer A, Escherichia coli
proteins were partially removed by incubating the crude extract at 60, 70, and 80 °C for 15
minutes under gentle stirring and with clarification, between each incubation, by
centrifugation. Pellets were discarded. The enzyme solution obtained at 80°C was directly
loaded onto a Q Sepharose Fast Flow FPLC column (Pharmacia) equilibrated with buffer
A. After washing, a linear gradient of NaCl (0-0.5 M) was applied. The fractions with
paraoxonase activity were pooled, concentrated and loaded on the High Load 16/60
Superdex 75 column (Pharmacia, Sweden) using run over an FPLC apparatus (Pharmacia,
Sweden). The column was equilibrated and eluted with 20 mM Hepes buffer (pH 8.5)
containing 0.2 mM CoCl, and 0.2 M NaCl. The semi purified fractions (about 30% pure)
with paraoxonase activity were pooled and stored at 4°C or lyophilized and stored at -

20°C.

4.2.6 SsoPox W263F immobilization

The modified PVDF or NSG-PES membranes were immersed in the enzyme (0.8 g L™)
solution (9 mL, in 20 mM hepes buffer pH 8.5) at 25°C for 24 hours under gentle stirring.
Rinsing with buffers at different pH (5.5-7-8.5) was followed, after that the membranes

with immobilized SsoPox W263F (NSG-PES-GA-PTE or PVDF-DAMP-GA-PTE) were
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obtained. The rinsing at different pH is useful in order to remove eventual traces of enzyme
not covalently or irreversibly linked on the surface (e.g. adsorbed by electrostatic
interaction). Control test confirmed that no SsoPox W263F traces were detected in the
washing solution by BCA test kit (Thermo Scientific), indicating that the enzyme was
irreversibly immobilized.

In order to evaluate the quantity of SsoPox W263F immobilized on the membranes, protein
concentration in the initial and final solution was measured by BCA test. The amount of
immobilized protein was determinated by mass balance according to the equation 2.1. The
immobilized mass was then normalized by the membrane area to estimate the immobilized

enzyme amount related to membrane surface.

4.2.7 Phosphotriesterase activity

SsoPox W263F was produced and stocked in lyophilized form; when activity tests were
performed, it was suspended in buffer solution: 20 mM hepes buffer pH 8.5 and 0.2 mM
CoCl,. The enzyme concentration was 0.8 g L. The pesticide paraoxon was used as
substrate at concentration of 102 M. The activity was measured by monitoring the
appearance of 4-nitrophenol at 405 nm, in 1-cm path-length cell of 3 ml with a
spectrophotometer equipped with a thermo-jacketed cell holder at 25 °C. The molar
absorption coefficient used for 4-nitrophenol, estimated at 25 °C and pH 8.5, was 19920
M™ cm™. One unit (U) of enzyme activity is defined as the amount of enzyme which
liberates 1 umol of 4-nitrophenol per minute under assay conditions.

Immobilized SsoPox W263F was assayed in a similar manner. A strip of SsoPox W263F -
loaded membrane (4 cm?) was placed in a cell containing 3 mL of 10 M paraoxon in
buffer. Cell was then placed into the spectrophotometer thermostated holder cell and the

absorbance at 405 nm was recorded. Since here the enzyme is not suspended in solution,
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but it is heterogenized on the membrane (which is placed along the cell wall in order to do
not interfere with the light beam), the mass transfer will affect the 4-nitrophenol
absorbance vs time response. Therefore, observed enzyme activity of immobilized enzyme

will be underestimated.

4.2.8 Immunoelectron Microscopy

For indirect immunolabeling, biocatalytic membrane samples were embedded in Araldite
(Fluka, Buchs, Switzerland) and placed in a 60 °C oven for 72 hours to polymerize.
Ultrathin sections were prepared using a diamond knife and collected on Formvar carbon-
coated nickel grids. Sections were then incubated with a rabbit monoclonal antibody in
PBS 0.1% BSA at 4 °C overnight. The grids were then washed in three drops of PBS for a
total of 15 min, transferred to 5 pL drops of secondary antibody conjugated to 10 nm gold
particles (Goat-anti-Rabbit 1gG, Aurion) for 1 h at room temperature. After
immunolabeling, sections (80 nm) were washed with PBS and distilled water, dried, and

examined with a Jeol JEM 1400 Plus electron microscope at 80 kV.

4.3. Results and discussion
In the following section results concerning membrane functionalization and
characterization, enzyme immobilization, stability and catalytic performance as a function

of enzyme amount and membrane type will be illustrated and discussed.

4.3.1. Activation and characterization of NSG-PES membrane
The amount of primary and secondary amino groups present on the NSG-PES membrane
was quantified by ninhydrin method as already described in section 3.4.1, it was 0.1 *

0.015 pmol/cm?.
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Afterwards, the enzyme was loaded to the functionalized membranes as described in
previous sections. The amount of SsoPox W263F immobilized on NSG-PES-GA was 5 +
0.8 pglcm® The FT-IR spectra of NSG-PES, NSG-PES-GA and NSG-PES-GA-PTE
membranes are shown in Fig. 4.1a. The peaks at 1578 cm™ and 1486 cm™ are associated
with the aromatic structure and are characteristic for PES, the band at 1661 cm™ can be
attributed to the N-H vibration in amino groups. A new peak at 1720 cm™ appears for
NSG-PES-GA membrane, it is due to the aldehyde carbonyl, the peak disappears after

enzyme immobilization, indicating the reaction between aldehyde and the enzyme.
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Fig. 4.1. FT-IR spectra of virgin and bio-functionalized membranes: a) NSG-PES
membrane (blue line), NSG-PES-GA membrane (red line) and NSG-PES-GA-PTE
membrane (fuchsia line), b) PVDF-DAMP-GA membrane (green line) and PVDF-DAMP-

GA-PTE membrane (black line)

The water and vapour permeance and flux through the native NSG-PES and functionalized
NSG-PES-GA-SsoPox W263F membranes are illustrated in Table 4.1 together with pore
size measurement before and after enzyme immobilization. As it is possible to note no
evident changes in terms of pore size, membrane wettability, water permeance and vapour
flux were noted after membrane biofunctionalization. This demonstrated that

biofunctionalization process don’t alter membrane properties.

Table 4.1: Properties of activated membranes used to immobilize SsoPox W263F

MEMBRANE PORE SIZE | CONTAC VAPOUR | LIQUID WATER
(um) TANGLE | WATERFlux | PERMEANCE
©) (Lh*m?) (Lh! m?bar?)

NSG-PES 0.3+0.1 33+1 0.14*+0.01 3168 + 883

NSG-PES-GA-PTE | 0.3%0.1 52 + 2 0.15* £ 0.01 3100 + 800

PVDF 021+001 | 163+9 0.14* + 0.02 45+0.4

PVDF-DAMP-GA- | 0.05+0.01 | 136+4 0.16% + 0.02 29+2

PTE

& TMP 0.051 bar

4.3.2 Activation and characterization of PVDF membrane

The PVDF membrane was modified with DAMP (carbonate buffer 1 M pH 11). When the
PVDF membrane was treated with the alkaline solution, an elimination reaction occurred,
in particular fluorine and hydrogen were eliminated, and then DAMP was grafted onto the

surface (PVDF-DAMP). The amount of grafted amino groups, quantified by ninhydrin
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method, is 0.15 +0.02 pmol/cm?®. Afterwards, the membranes were activated by reaction
with 10% GA (v/v) for 2 hours at 25°C.

The immobilization of SsoPox W263F was carried out on the glutaraldehyde-activated
membranes. The amount of enzyme immobilized on PVDF-DAMP-GA was 35 +1 pg/cm?.
FT-IR spectra of PVDF-DAMP-GA membrane and PVDF-DAMP-GA- SsoPox W263F
membrane are illustrated in Fig. 4.1b. The band at 1739 cm™ is characteristic for PVDF, it
is due to -CF=CH- bond present as defects into the structure of native PVDF, in addition
the formation of these double bond is further promoted by the alkaline treatment during
functionalization. The peaks at 1650 and 1554 cm™ called “amide I” and “amide II”
respectively, are characteristic of proteins [10] and point out the presence of SsoPox
W263F immobilized.

The liquid permeance and vapour flux through the native PVDF and functionalized PVDF-
DAMP-GA- SsoPox W263F membranes are illustrated in Table 4.1. As previously
observed for NSG-PES any substantial change in terms vapour flux was observed. On the
contrary, a slight decrease in contact angle and consequently an increase in water
permeance was obtained. This was probably due to the reduction of the hydrophobic
nature of PVDF due to hydrophilic species grafting (DAMP, enzyme) needed for
membrane biofuctionalization.

Owing to the higher amount of reactive groups introduced on the PVDF membrane (as
demonstrated by ninhydrin test) the quantity of SsoPox W263F immobilized on PVDF-
DAMP-GA was higher.

Moreover the higher hydrophobicity of the PVDF membrane compared to the NSG-PES
membrane can play an important role on the amount of enzyme immobilized by

adsorption. As reported in Table 4.1, the NSG-PES and PVDF membrane are very
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different in terms of wettability. The NSG-PES membrane is hydrophilic whereas the
PVDF membrane is a hydrophobic membrane and it is well known as the hydrophobic
membrane is more susceptible to fouling of organic material in particular proteins due to
the adsorption phenomena [11]. SsoPox W263F is prone to be easily absorbed onto the
PVDF-DAMP-GA membrane surface, promoting the interaction with the reactive aldehyde
groups which involves irreversible immobilization. In addition the SEM micrographs (Fig.
4.2) show that the NSG-PES membrane has a porous structure and smooth surface while
PVDF membrane has a porous structure and a rough surface. The higher surface roughness
of the PVDF membrane in comparison with PES can favour the accumulation of SsoPox
W263F in the cavities [12]. In fact a pore size reduction was evident just in the case of
PVDF (table 4.1).

However, part of these molecules may remain blocked and may not be reached by the

hydrophilic substrate, reducing the specific activity.

Fig. 4.2. SEM images of NSG-PES (A) and PVDF (B) membranes.
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4.3.3. Immobilized SsoPox W263F enzyme in situ localization

In order to understand the SsoPox W263F distribution within the two tested membranes,
TEM analyses were carried out after hybridization of immobilized enzyme with a
monoclonal antibody. The primary antibody was then coupled with a gold labelled
secondary antibody, which permits the in situ localization of the immobilized SsoPox
W263F visible as black dots on the images (Fig. 4.3). Three zones of both biocatalytic PES
and PVDF membranes cross section (top, middle and bottom) were analysed within the
membrane cross-section and along the membrane length. Results demonstrated that the
enzyme SsoPox W263F was uniformly immobilized, without any preferential localization
along the membrane thickness for both membranes. However it seems that a higher density
of black dots is present on PVDF membranes, in agreement with quantitative evaluation of

enzyme immobilized carried out by mass balance (Fig. 4.3a and Fig. 4.3b).
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Fig. 4.3. Examples of cross section of biocatalytic membranes after immunolocalization of
SsoPox W263F observed by TEM: a) NSG-PES (middle part) b) PVDF (top part), section

thickness 80 nm

In the image reported in Fig. 4.3b, about the PVDF biocatalytic membrane, it is possible
distinguee the membrane and the membrane support. As it is possible to note, the enzyme
IS present just on the membrane and not on the membrane support. The absence of the
biocatalyst on the PVDF membrane support was already demonstrated by IR analysis using

lipase (see section 2.4.1).

4.3.4 Performance of free and immobilized SsoPox W263F

The specific activity of the free SsoPox W263F freshly re-suspended in buffer from
lyophilized lots, was 0.34 (+ 0.04) Umg™. The stability over time of free enzyme was
investigated for about one month; the SsoPox W263F stock solution was stored at 4°C
between activities tests carried out at 25 °C. The trend over time for free SsoPox W263F is
shown in Fig. 4.4. After initial reduction the specific activity is constant and it is about

0.24 (+ 0.04) U mg™.
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Fig. 4.4. Stability of free SsoPox W263F as a function of time

The activity of SsoPox W263F immobilized on both types of membranes (NSG-PES-GA
and PVDF-DAMP-GA) was also evaluated at 25°C. Among them, the enzyme exhibited
the highest activity per membrane area (8.25 + 0.90 U/m?) and specific activity (0.18 +
0.02 U mg'lprotein) on the NSG-PES-GA membrane, whereas for SsoPox W263F
immobilized on the activated PVDF-DAMP-GA membrane, activity per membrane area
and specific activity were 4.2 + 0.3 U/m? and 0.012 + 0.001 U mg™, respectively.

The specific activity as a function of time is illustrated in Fig. 4.5. The stability over time
of immobilized PTE was investigated for about five months. Between experiments, the
SsoPox W263F-loaded membranes were washed with hepes buffer pH 8.5 and stored at

4°C.
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Fig. 4.5. Stability over time of SsoPox W263F immobilized on modified NSG-PES-GA

(green dots and y axis) and PVDF (blue dots and secondary y axis) membrane.

In good correlation with free SsoPox W263F, also for immobilized SsoPox W263F the
specific activity decreases during few days from immobilization and then the catalytic
systems becomes stable highlighting the possibility to recycle the biocatalyst in successive
runs for example for water decontamination. It is important to mention that for enzyme
immobilized on NSG-PES-GA membrane after one month, the reduction of specific
activity (~20 %) respect to the initial one is lower if compared to the one of free enzyme (~
30 %), whereas still less was the reduction (~10 %) for the enzyme immobilized on PVDF.
This is anyway, the reflection of the respective lower initial specific activity.

It must be underlined that the biocatalytic membranes used to test the immobilized enzyme
catalytic activity were the same samples (for each series of experiment), on the contrary for

the free enzyme a new sample of enzyme, kept in buffer solution at 4 °C, was used at each
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run. This perfectly reflects the advantages of immobilized system that permits biocatalyst
re-use.

As before pointed out, a higher amount of SsoPox W263F immobilized on PVDF
compared to NSG-PES corresponded to a lower activity. This was probably due to both
crowding phenomena (already observed using lipase, section 2.4.3) and mass transfer
limitations for the case of PVDF base membrane. To prove this, catalytic activity was
measured using different amount of immobilized biocatalyst. The different amount of
immobilized enzyme was obtained by using different contact time between enzyme and
functionalized PVDF-DAMP-GA membrane and correlating it with the corresponding
specific activity.

As illustrated in Fig. 4.6, the amount of immobilized enzyme amount increases with
contact time while specific activity decreases. In particular, in the range between 10 and 35
ng/cm? the specific activity as a function of immobilized enzyme decreases according to
the following relationship:

y = 0.2037x 0%

where y is the specific activity (U/mg) and x is the amount of immobilized enzyme
(ng/cm?). Best biocatalytic membrane performance in terms of specific activity was
obtained when the lowest amount of immobilized enzyme (12ug/cm?) was obtained.
However, if the catalytic activity was also considered, the better performance was obtained
in the case in which the amount of immobilized enzyme was 19 pg/cm? In fact
immobilizing 19 pg/cm? of enzyme, the catalytic activity was 5.9 U/m?, while in the other
case 4.2 U/m.

From the mass transfer point of view, considering the significantly different water contact

angle of the two types of membranes (Tab. 4.1) it is reasonable to expect that they interact
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in a different way with enzyme and substrate solution. In the case of the enzyme solution,
from the TEM in situ analysis it was possible to see that the enzyme is present on top,
middle and bottom of both membranes cross section, this means that the enzyme solution
diffused into the pores of both membranes, probably due to the fact that long contact time
between enzyme and membrane was used (24 h). In the case of the substrate solution the
contact time of the biocatalytic membrane with substrate was few minutes (2-3 min),
which are probably not enough to completely interact with PVDF membrane and saturate

the entire immobilized enzyme.
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Fig. 4.6. Relationship between amounts of immobilized SsoPox W263F and specific
activity as a function of contact time between enzyme solution — PVDF-DAMP-GA

membrane

4.4. Conclusions
In this work organophosphorus compounds (OPs) deactivation was studied immobilizing

the single mutant SsoPox W263F on polymeric membranes. Membranes with different
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wettability, such as PES and PVDF membranes were tested with the final aim to treat
either contaminated liquid or vapour streams.

In liquid phase, when the biocatalyst is immobilized on NSG-PES membrane the specific
activity as well as the catalytic activity per membrane area were higher compared to the
enzyme immobilized on PVDF. This was due to the high hydrophilicity of the membrane
that makes it better wetted by the aqueous solution in which the substrate (paraoxon) is
dissolved. PES membranes showed superior performance than PVDF membranes basing

on both, enzyme activity and membrane permeability, in liquid phase decontamination.
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Chapter 5

Introduction on the basic concepts of inverse miniemulsion
polymerization technique
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5.1 Introduction

In order to improve the performances of enzymes immobilized on the hydrophobic PVDF
membrane, a new method for enzymes immobilization was developed. The new strategy
aims to immobilize the enzyme maintained in a hydrated microenvironment on the
hydrophobic environment proper of PVDF membrane. To reach this aim polyacrylamide
(pPAAM) nanogels were selected as carrier for covalent enzyme immobilization. The pAAmM
nanogels were produced by inverse miniemulsion polymerization and then functionalized
in order to covalent bind with both enzyme and modified PVDF membrane. Lipase was
used as model enzyme. Basic concepts about inverse miniemulsion polymerization

technique are described in the next section.

5.2 INVERSE MINIEMULSION POLYMERIZATION: BASIC PRINCIPLES

The miniemulsion technique is a useful tool for the preparation of high value
nanomaterials. In particular, several routes (nanoprecipitation, phase separation, interfacial
polymerization) can be used to produce nanoparticles with high encapsulation rates, and in
the case of inverse miniemulsion, hydrophilic content. Nanoparticles produced by inverse
miniemulsion polymerization are metastable colloids of diameter 50-500 nm composed by
two immiscible fluids, one dispersed in the other, prepared by shearing a system containing
unpolar continuous phase, water, and lypophobe (osmotic agent) in the presence of
surfactants which provides colloidal stability [1]. The first general mechanism for any type
of inverse emulsion polymerization was proposed in 1987 by Hunkeler et al. [2], it is
shown in Fig. 4.1. The hydrophilic phase is dispersed in a hydrophobic continuous phase,
the water droplets are stabilized with surfactants and hydrophilic osmotic agents are used

to balance diffusion between the droplets [3].
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Fig. 5.1. General principle of inverse miniemulsion polymerization.

During the inverse miniemulsion polymerization each nanodroplet behaves like an
independent nanoreactor. The main problem during the production of monomer-containing
inverse miniemulsion is its stability before and during the polymerization of the monomer.
Miniemulsions are usually Kkinetically stable, but wunder an ideal condition
thermodynamically stable miniemulsions can also be prepared [4]. To achieve the
stabilization of the nanodroplets, several requirements are needed.

The formation of small nanodroplets requires high-energy input to overcome the increasing
interfacial energy as a consequence of droplets fission. Therefore, the overall interfacial
area increases when the size of the droplets decreases, and the interfacial energy required

dE is proportional to the variation of the interfacial area dA, following Equation (1):
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dE = }/LLdA (1)

Here Y is the surface tension between the two liquid phases (N-m™). Usually the

devices used for droplet fission are high-pressure homogenizers (high shear forces) or
ultrasonication tips (cavitation pressure). The use of surfactant lowers the surface tension
between continuous and disperse phase because the droplets requires to be stabilized to
prevent fusion by collision. The concentration of surfactant is chosen such that after
homogenization, the concentration in the continuous phase is below the critical micellar
concentration (CMC) in order to avoid the micellar nucleation. The phenomenon of
Ostwald ripening associated with the aging time is a manifestation of the thermodynamic
instability. If the droplets do not all have the same size after homogenization, coalescence
occurs over time: diffusion of monomer from the smaller droplets (with higher Laplace
pressure) to the bigger droplets (thermodynamically more stable) progressively removes
the smaller droplets and the average size of the droplets increases continuously. The
driving force of the Ostwald ripening is the difference of Laplace pressures (Equation 2)

between the smaller and bigger droplets.

2 4
PL w LL
’ )

Here y., is the surface tension between the two liquid phases (N-m™) and r is the radius of
the droplets (m). Higher is the solubility of the monomer in the continuous phase, more is
the degree of Ostwald ripening because the monomer can diffuse faster to the bigger

droplets. To counteract and minimize Ostwald ripening, an osmotic agent can be added to
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the disperse phase. Incorporation of the osmotic agent (e.g. inorganic salts or sugars) into
the system can retard the diffusional degradation of monomer saturated aqueous droplets
and maintain the very small droplet size generated by ultrasonication. Osmotic agents such
as sodium chloride (NaCl) lower the Gibbs free energy of the miniemulsion droplets,
thereby decreasing the driving force for diffusion of the monomer into the continuous
phase, they build up an osmotic pressure described by equation 3 what counteracts the

Laplace pressure caused by the Interface Energy of the droplets.

[logm = C*R-T (3)

Here c is the concentration of the osmotic agent (mol-L™Y), R is the ideal gas constant
(8.314 J-K™-mol™) and T is the temperature (K). Diffusion of monomer between the
droplets can still occur but is compensated, under standard conditions and after ultra-
homogenization, the osmotic pressure does not necessarily fully compensate the Laplace
pressure. However the droplets are highly stable, thanks to the different stabilization
mechanisms. Since nearly no surfactant is present as micelles, free radical polymerization
of nanoparticles nucleated via entry of radical into monomer nanodroplets is possible. The
inverse miniemulsion polymerization of water soluble monomers can be initiated by water-
soluble and oil-soluble initiator as well as by radiation. The water-soluble initiator
suppresses the homogeneous (organic phase) nucleation while the use of oil soluble one
could result in an increase in this occurrence. The miniemulsion offers several advantages
to more conventional bulk (or solution) processes, including higher polymer concentrations
in the ultimate product.

The main interest in inverse miniemulsion is the possibility to prepare nanoparticles with a
hydrophilic character. Therefore these materials are highly interesting for bio-applications

after redispersion in water. In fact inverse-emulsion polymerization is a widely applied
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technology for the preparation of high molecular weight water-soluble macromolecules
[5], owing to the fact that high concentrations of monomers can be contained within the
aqueous droplets, while maintaining a monomer/polymer latex. These polymers, which are
generally based on acrylamide copolymerized with anionic or cationic monomers, can be
used for several application such as compatibilizers, flocculants, separations, carriers etc.
[6]. The polymerization of acrylamide by inverse water/oil miniemulsion offers several
advantages. These include the high reaction rates, solids levels, polymer molecular

weights, lower solution viscosities and higher heat removal rates [7].

53 NANOPARTICLES CHARACTERIZATION: LIGHT SCATTERING
ANALYSIS

Light scattering was used to measure particle size and size distribution of the nanoparticles
produced with the inverse miniemulsion polymerization methodology. Colloidal systems
and polymer molecules in solution interact with visible light by scattering it in all
directions. Dynamic light scattering (DLS) is a technique which measures Brownian
motion of particles in suspension by illuminating the particles with a laser and analyzing
the intensity fluctuations in scattered light. Brownian motions are correlated with the
particle size: small particles move quickly and large particles move slowly. The fluctuation
in scattering intensity depends on the speed of the Brownian motion and it is analyzed by a
digital correlator which calculates a correlation function. The signal intensity detected
fluctuates with time, because of the interferences within the scattered light, mainly due to
the Brownian motion of the scattering particles. The mathematic treatment of the intensity
I(t) with an autocorrelation function gives in first approximation an exponential decrease,

with a characteristic time (or relaxation time). This relaxation time is inversely
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proportional to the diffusion coefficient D of the particle or polymer chain (Equation (4)),

where ¢ is the norm of the scattering vector.

1
= qu
¥ (4)

The hydrodynamic radius Ry is obtained from the Stokes-Einstein Stokes-Einstein

relationship:
kgT
RH B 67‘[775D (5)

Where Kg is the Boltzmann constant (J-K™), T the temperature (K) and Ns the viscosity
(N-s-m™) of the liquid.

Particle size distribution is expressed as polidispersion index (PDI), that is a dimensionless
measure of the broadness of the size distribution calculated from the cumulant analysis [8].
This is in the range between 0 and 1 and monodispersed sample show a polydispersity

below 0.1.
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Chapter 6

Development of an immobilization method to keep enzymes in hydrated
microenvironment on hydrophobic membranes
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6.1. Introduction

Efficient immobilization techniques that preserve the activity of biomolecules have many
potential applications, such as the development of bioreactors and biosensors [1]. The
ideal immobilization method should: 1) Provide a stable biohybrid system; 2) Allow
immobilizing desired amounts of biomolecules; 3) Employ mild conditions in order to
avoid biomolecules denaturation; 3) allow optimal enzyme-substrate contact; 4) Minimize
barriers to mass transport of substrates and products [2]. To date, the strategies for
immobilizing biomolecules are adsorption or covalent attachment to a support,
microencapsulation and entrapment within a membrane-film or gel [3]. Porous membranes
are optimal support for enzymes immobilization because they allow process intensification
combining a separation process with a chemical reaction [4]. In addition, porous
membranes provide high specific surface area and minimize mass transfer limitations.
Many materials of different chemical physical properties have been used as membrane
materials. Because immobilisation of an enzyme entails the interaction of two species, the
enzyme and the membrane, the surface properties of the membrane material are therefore
important. The membrane material changes the microenvironments around the
immobilized enzyme and can enhance or decrease the enzyme activity [5]. The material
hydrophobicity for example can negative influence the enzyme activity either denaturing
the enzyme or hindering the enzyme interaction with water-soluble substrates. However,
the hydrophobicity is a valuable property for the membrane when it is employed in certain
applications. Therefore, the aim of this work has been immobilize enzyme kept in hydrated
microenvironment on hydrophobic membrane made of PVDF. In order to reach this aim

hydrophilic nanogel has been used as carrier for enzyme immobilization on the PVDF
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membrane. The PVDF membrane was first functionalized with amino groups and then
activated with glutaraldehyde to allow covalent nanogels immobilization.

The nanogels were synthesized in the range 100-200 nm with a narrow particle size
distribution using the inverse miniemulsion polymerization technique. In general nanogel
and microgel particle formation can be achieved by different approaches including
precipitation polymerization from aqueous or polar solutions [6-8] crosslinking of
preformed polymers and oligomers in emulsions [9], or copolymerization of different
water soluble monomers and cross-linkers in inverse (W/O) emulsion, microemulsion or
miniemulsion systems [10,11]. Since nanogel preparation based on inverse miniemulsion
polymerization enables the equal distribution of all components in each particle it is
advantageous compared with other methods when homogenous gel properties and an equal
distribution of all different functionalities is desirable. In addition particle sizes in the
submicron size range, combined with a very narrow size distribution can be easily
achieved by this method. The hydrophilic monomer used in this work has been acrylamide
(AAm). The copolymerization of this monomer with N,N’-methylene-bis-acrylamide
(MBAAM) in a stabilized inverse miniemulsion, yield chemically cross-linked strong
hydrophilic polyacrylamide (PAAm) nanogels, which inherently swell in aqueous
confinements. In this work the generated gel network was modified subsequently by
partially degradation of amide groups to primary amine groups by Hofmann reaction
[12,13]. The primary amine functionalities were used as binding sides to covalently bind a
model biomolecule (the enzyme Lipase) via coupling reagents like glutaraldehyde (GA).
The modified nanogels were employed in two different immobilization strategies. In the
first strategy lipase was immobilized on the glutaraldehyde activated nanogels and then the

lipase-loaded nanogels were immobilized on the GA-functionalized PVDF. In the second
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strategy the PAAm nanogels after Hofmann degradation were immobilized on the GA-
functionalized PVDF. Unreacted aldehyde groups were then quenched using ethanolamine
and the lipase was immobilized on the nanogels-loaded membrane after activation of
nanogels amino groups by GA. The catalytic efficiencies of lipases immobilized by these
two strategies were evaluated using para-nitrophenyl palmitate (p-NPP) as substrate and
compared with lipase immobilized on the PVDF membrane without nanogels. Results
exhibited that lipase immobilized by means of nanogels, with both strategies, retained

higher specific activity.

6.2. Materials and methods

6.2.1. Chemicals

All chemicals used in this work were commercially available and used without further
purification unless otherwise stated. Used water was purified with a Milli-Q system from

Satorius Stedim Biotech (Germany).

Acrylamide (AAm), the crosslinking agent N,N’-methylene-bis-acrylamide (MBAAmM), the
nonionic surfactant sorbitane monooleate (Span80), the non ionic surfactant polyehtylene
glycol tert-octylphenyl ether (Triton - X100), Lipase from Candida rugosa (65 kDa),
ninhydrin, ethanol, glutaraldehyde, 1,5-diamino-2-methylpentane, 4-nitrophenol, 4-
nitrophenyl plamitate, sodium hypochlorite solution (NaOCI, available chlorine 10 —
15 %), 1,5-diamino-2-methylpentane were purchased from Sigma-Aldrich (Germany).
The hydrophobic initiator 2,2’-azobis(2-methylpropionitrile) (AIBN) (Sigma-Aldrich,
Germany) was recrystallized from methanol and vacuum dried over phosphorus pentoxide

(P20s) (Carl Roth GmbH, Germany).
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Cyclohexane was supplied from Fisher Chemical (UK), while hydrogen phthalate (KHP),
isopropyl alcohol (IPA), sodium chloride (NaCl), sodium hydroxide (NaOH) and hydrogen
chloride (HCI) was received from Bernd Kraft GmbH (Germany).

Standard grade regenerated cellulose membrane tubing with nominal molecular weight cut-
off (MWCO) of 12 - 14 kDa was used for dialysis. The membranes were pretreated by
washing them six times in water for 15 min. Diafiltration was performed using a
commercial polyethersulfone (PES) flat sheet ultrafiltration membranes with MWCO of
300 kDa kindly provided by Sartorius Stedim Biotech GmbH (Germany). Prior to use the
membranes were cut into circular samples with diameter of 44 mm, washed in ethanol for
30 min and three times (30 min) in water to remove preservatives and soaked overnight in
0.01 M NaNg3 solution.

Flat sheet polyvinylidene fluoride (PVDF) membranes were used as support for

biomolecules immobilization (see section 2.2.1. for detailed description).

6.2.2. PVDF membrane functionalization and characterization

The PVDF membrane cut into disk (@ 54 mm) was soaked into 30 mL of 2 M 1,5-
diamino-2-methylpentane (DAMP) solution in carbonate buffer pH 11 in order to
introduce onto the PVDF surface amino groups (PVDF-DAMP) [14]. The PVDF-DAMP
membrane was then treated with 20 mL of 10% (v/v) glutaraldehyde solution at 25 °C for
2 hours to couple the amino groups with glutaraldehyde (PVDF-DAMP-GA), after that the
membrane was washed with water and stored at 4°C until used.

The wettability of the membranes was investigated by static water contact angle (SCA)
measurement using a CAM 200 device (KSV Instruments, Ltd.). A drop of water (5 pL)

was injected using a micro-syringe with automatic dispenser onto the membrane surface.
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Data for 5 drops on different locations were averaged to obtain the contact angle of each

membrane sample.

6.2.3. Synthesis of hydrophilic nanogels by inverse miniemulsion polymerization

The disperse phase was prepared by dissolving appropriate amounts of AAm and MBAAM
in aqueous 0.5 M NaCl solution. Afterwards, the mixture was added to the continuous
phase consisting of the nonionic surfactant Span80 in cyclohexane. After stirring the
mixture at 1200 rpm for 1.5 h, the inverse miniemulsion was prepared by homogenizing
the obtained pre-emulsion by ultrasonication for 2 min at 90 % intensity in a Bandelin
(Germany) sonifier Sonoplus HD 3200 at 10 °C. Before addition of the oil soluble initiator
(AIBN) in solid state, the miniemulsion was heated to 65 °C in an oil bath. This reaction
was very quick and finished in several minutes. However, to ensure full conversion of the
monomer, the reaction mixture was stirred at 300 rpm at 65 °C for 2 h. The typical
composition of the dispersed and continuous phases and the used amount of initiator are
summarized in Table 1:

Table 6.1: Typical recipe for inverse miniemulsion polymerization of acrylamide.

Component Phase Weight Remark
[a]
AAM? Dispersed 1.2 20.8 % (wiw) ¥
MBAAm?  Dispersed  0.04 4.76 % (wiw) ®
NaCl Dispersed  0.094 2,85 % (w/w)®
H,0 Dispersed 3.2 4.8 % (Viv) ¥
Span80 Continuous 1.2 27.3 % (wiw) 9
Cylcohexane  Continuous 50 95.2 % (viv) 9
AIBN Continuous  0.128 -

Ytotal polymeric solid content relative to water mass; “relative to total polymeric solid
content mass; ° relative to water mass; 9 relative to total volume of the emulsion
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After the polymerization, coagulates were removed by filtration and a sample of the
resulting dispersions was investigated regard to the particle size distribution by means of
dynamic light scattering. The main fraction of the dispersion was sedimented with aqueous
80 % (v/v) IPA mixture. The supernatant was removed and replaced by fresh aqueous
80 % (v/v) IPA mixture. Resuspension was carried out using a vortex. To remove the
surfactant sufficiently, the suspensions were further washed five times, following the same
procedure described above. The resulting surfactant free particles were than swollen over
night in 30 mL of water at room temperature. To remove the osmotic agent NaCl and the
solid content, which consisted of unreacted monomer and crosslinker, soluble (non
crosslinked) polymers and oligomers, the aqueous dispersion was dialyzed in a large
excess of ultrapure water under shaking for several days. The dialysis was monitored via
conductivity and stopped when conductance of the washing water was lower than 1 uS.
The purified dispersions were finally freeze-dried with an Alpha 1-4 freeze dryer (Christ,
Germany) yielding the cross-linked polyacrylamide gel particles as deep white coloured

fluffy powders with a yield of 70% (w/w).

6.2.4. Nanogel modification by Hofmann Reaction

In order to covalently bond lipase in the nanogel amino groups were created in the
polymeric network applying Hofmann reaction according to literature procedures
[12]. Prior to the modification the dried nanogels were redispersed in water by simply
swelling at room temperature over night, followed by sonication in the ultrasonic bath
(Trans Sonic Digital, Germany) using 100 % intensity for 30 min. After that the

modification was performed in a thermostated jacketed reaction vessel by mixing the
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resulting dispersion of PAAm nanogels (50 mL, 1 g L™) cooled at about 0 °C with 30 mL
of a mixture consisting of 23 mM NaOCI and 10.7 M NaOH, cooled at -10 °C. The reactor

was kept at -10 °C for 1.5 h in order to complete the first step of reaction (Fig. 6.1 a).

(0] O
OxNH2[  OH 5 NaOCl cl
a e RJI\NH R)LN'
(-H20) H
0 (o o) O. o)
— - i i 0 H,0O )L
cl .Cl s Ll *N-R 2 3
b RJ\N -'OL* R/l@ === R%\IN === isocyamate =——= 0" 'NHR
: (-H20)
cloroamide
0]
C
"O)LNHR === RNH,; + CO',_?

Fig. 6.1. Hofmann reaction of PAAmM nanogels

Afterwards, 70 mL of 8.29 M NaOH was added and the reactor kept at -10 °C for 30 min,
then the temperature was increased to 0 °C and reaction mixture was kept under stirring for
17 h to complete Hofmann reaction (Fig. 6.1 b-c). The mixture was then neutralized by
dropwise adding 76 mL of HCI (conc. 37 %). The nanogels were purified by diafiltration
in pressure driven dead-end setup with a stirred cell (Amicon 8050, Millipore, Germany),
using pressure ranging from 0.4 to 0.5 bar and a volume of 2 L of ultrapure water. Finally
water dispersions were freeze dried, yielding degraded nanogels as pale yellow powder

with a yield of about 70 % (w/w).

6.2.5. Nanogel characterizations

Native and modified nanogels were characterized by dynamic light scattering (DLS)

analysis using a StabiSizer PMX 200C (Microtrac, Germany) at fixed scattering angle of
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180 ° (heterodyne) and laser light source with wavelength of 780 nm. The measurements
were carried out at room temperature in diluted dispersions in the respective solvents. The
results are the average from three separated measurements. For quality control
measurements immediately performed after the polymerization the reaction mixture were
diluted with cyclohexane down to 0.02 % (v/v) to avoid influence of the surfactant on the
solution properties. Presented values are given as number weighted hydrodynamic mean

diameters.

Liquid *"H-NMR (300 MHz) spectra were measured with DRX200 (Bruker, Germany)
using D,O and CDClI;. Quantitative measurements for conversion analysis of the inverse
miniemulsion polymerization in D,O were performed by adding KHP as internal standard.
For quantification of the remained surfactant after the purification visible in CDCl;

appropriated amounts of 1, 4-Dioxane were added as internal standard.

FT-IR spectra were recorded using Varian 3100 Excalibur Series (Varian, USA) in
attenuated total reflectance (ATR) arrangement. The measurements were done with dry

nanogel samples in range of 1000 - 4000 nm.

The nitrogen to carbon ratio of the samples was determined by elemental analysis of
carbon, hydrogen, nitrogen and oxygen using the EURO EA Elemental Analyzer
(EUROVector, Italy) under addition of vanadium oxide (V,0s). While absolute values
were influenced by water the relative nitrogen to carbon ratio was used to determine the
conversion of AAm during Hofmann degradation. Ninhydrin test was performed as

qualitative test in order to detect free amino groups created by Hofmann degradation.
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6.2.6. Glutaraldehyde activation of amino functionalized nanogels and Lipase

immobilization

The amino functionalized nanogels where activated for enzyme immobilization by
glutaraldehyde (GA) treatment. The nanogels (10 mg) were treated with 50 mL of 1% GA
solution for two hours, in this way the amino groups were derivatized with GA by Schiff
base reaction and reactive aldehyde groups introduced on the nanogels (GA-NANOGEL).

The unreacted GA was removed by diafiltration.

The lipase from candida rugosa solution was prepared by dissolving 7 g raw powder / L in
phosphate buffer (PBS) 50 mM pH 7. The suspension was stirred for 2 hours at room
temperature and then centrifuged at 4500 rpm for 5 minutes. The supernatant was
recovered and filtered by 300 kDa PES membrane, lipase concentration was finally

measured by BCA test kit (0.5 + 0.06 g L™).

The GA-nanogels dispersion in water was mixed with 50 mL of 0.5 mg mL™ lipase
solution in PBS pH 7 in order to load lipase on nanogels (lipase-GA-NANOGEL). The
mixture was kept under stirring 16 h and because of presence of aggregates it was
sonicated (10 minutes) and then centrifuged (1500 rpm, 5 minutes). The supernatant
recovered and free lipase removed by diafiltration using a 300 kDa PES membrane. The
diafiltration was stopped when lipase wasn’t detected in permeate using BCA protein assay
kit ((Thermo Scientific). Protein content of the obtained lipase-GA-NANOGEL dispersion

(estimated by BCA) was 0.02 mg mL™.
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6.2.7. Immobilization of lipase loaded nanogel on functionalized PVDF membrane

The PVDF-DAMP-GA membrane was immersed in the lipase-GA-nanogels dispersion (28
mL, 0.02 mg mL™) at 25°C for 24 hours under gentle stirring. Rinsing with water was
followed, after that the membranes with immobilized lipase-loaded nanogels was obtained.
In order to evaluate the quantity of lipase immobilized on the membranes, lipase
concentration in the initial and final solution was measured. The amount of immobilized
lipase was determinated by mass balance according to the equation 2.1. The immobilized
mass was then normalized by the membrane area to estimate the immobilized enzyme

amount related to membrane surface.

6.2.8. Immobilization of lipase on nanogels loaded PVDF membrane

The PVDF-DAMP-GA membrane was immersed in the amino functionalized nanogels
dispersion (50 mL, 0.2 mg mL™). After 16 h of contact with the nanogels dispersion, the
membrane was washed with water and treated 2 h with ethanolamine (20 mL, 0.1 M) in
order to quench unreacted aldehyde groups, then the amino groups of the nanogels were
activated by GA treatment (30 mL, GA 10% v/v). Afterwards, the membrane was washed
with water and the lipase immobilized soaking the nanogels-loaded membrane in the lipase
solution (0.5 mg mL™) for 24 hours. The amount of immobilized lipase was determinated

by mass balance according to equation 2.1.

6.2.9. Direct lipase immobilization on PVDF-DAMP-GA membrane

Direct immobilization of lipase on the PVDF-DAMP-GA membrane was performed by
soaking the membrane (@ 54 mm) in a LCR solution (0.5 mg mL™, 30 mL phosphate

buffer pH 7) for 24 hours at 25°C. Washings with the reaction buffer were then performed
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in order to remove adsorbed lipase. The amount of immobilized lipase was determined by

mass balance between lipase concentration into initial, final and washing solutions.

6.2.10. Lipase Activity measurements

The lipase activity was studied using the synthetic substrate p-nitrophenyl palmitate (p-
NPP) [15] and measuring the release of p-nitrophenol (p-NP) spectrophotometrically at
405 nm. Unit of enzyme activity (U) was defined as the amount of enzyme which liberates
1 umol p-NP per minute at pH 7.5 and temperature 30 °C. The specific activity was
calculated using the following formula:

AA/minxV

Specific activity (U/mg) = erd T
}; x w

Where AA denotes the absorbance increment of the solution at 405 nm, V is the assay

volume, € is the molar extinction coefficient of p-NP (3909 M™cm™) estimated at pH 7.5

in PBS buffer containing triton x-100 (2 % v/v), d represents the cuvette path-length (1 cm)
and E,, is the amount of free or immobilized enzyme.

In the case of free enzyme 25 uL of lipase solution 0.5 mg mL™ were added to 2 mL of
assay mixture consisting of 0.2 mL p-NPP 0.8 mM (dissolved in ethanol) and 1.8 mL PBS
buffer (pH 7.5) containing triton x-100 (2 % v/v). In the case of immobilized lipase, the
volume of assay mixture was increased to 10 mL and the lipase-loaded membrane (& 54
mm) was added to this mixture and incubated at 30 °C for 5 minutes, then the membrane

was removed and the released p-NP measured by spectrophotometer.
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6.3. Results and discussion

6.3.1. Activation and characterization of PVDF membrane

The PVDF membrane was modified with DAMP (carbonate buffer 1 M pH 11). When the
PVDF membrane was treated with the alkaline solution, an elimination reaction occurred,
in particular fluorine and hydrogen were eliminated, and then DAMP was grafted onto the
membrane surface (PVDF-DAMP). The detailed mechanism of DAMP grafting and the
characterization carried out are discussed in section 2.4.1. The PVDF-DAMP membrane
was then treated with 20 mL of 10% (v/v) glutaraldehyde solution at 25 °C for 2 hours, in

this way the amino groups were derivatized with glutaraldehyde (PVDF-GA).

The wettability of the membrane before and after the functionalization treatment was
investigated by SCA measurements. The native PVDF membrane was strongly
hydrophobic in fact the measured contact angle was 163° + 9°. After the functionalization

treatment the contact angle for the PVDF-GA membrane was 137° + 5°,

6.3.2. Synthesis and Characterization of PAAm nanogels

Hydrophilic PAAmM nanogels were successfully obtained via inverse miniemulsion
polymerization. The addition of appropriate amounts of the nonionic low molecular weight
surfactant Span 80 below its critical micelle concentration (CMC) in the continuous phase
made sufficient stable the system. As described in literature the addition of NaCl as
osmotic agent to the dispersed phase prevents diffusion between droplets and consequently
the Ostwald ripening effect [8]. DLS measurements of PAAmM in cyclohexane after the
reaction indicating that the polymeric particles were generated in the desired size range

around 130 nm = 4 with narrow particle size distribution and polydispersity index (PDIs)
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of 0.17 + 0.02. After redispersion of the purified and freeze dried nanogels in water by
swelling and application of ultrasound all samples show good colloidal stability but larger
PDIs (0.27 = 0.07) indicating the formation of agglomerates during the purification. In
addition the mean particle size increased slightly up to 172 £ 8 nm in diameter, which can
be explained by formation of dimer and oligomer particle assemblies and the swelling of
the polymeric network without restrictions of the water droplet dimension in the

heterophase system.

The network formation was monitored by conversion analysis via quantitative NMR
experiments in D,0. Since the conversion was estimated higher than 95 % (w/w) for all
nanogel samples a proper network formation can be assumed, yielding gel particles with

good structural integrity.

In order to ensure that the used surfactant has no influence on the targeted application of
the nanogel particles, they were intensely washed to remove the Span80. Purification was
confirmed by quantitative H-NMR analysis in CDCl; indicating that a surfactant amount
lower than 1 % (w/w) of the total solid material remained in the hydrogel network, which

was accepted as sufficient.

6.3.3. Preparation of nanogels with amino groups for enzyme immobilization

The Hofmann reaction was first discovered already at the end of the 19th century.
However, only in the last decades it was intensively reinvestigated as suitable tool to
convert amide functions into primary amine functions under elimination of a carbonyl
group. It can be used to convert linear PAAm based polymers [16], as well as PAAm based

microgel particles into copolymers with amine functionalities [17].
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However, using this technique it has to be stated, that according to previous works some
side reactions, such as hydrolysis of amide groups to carboxylic acids, formation of
alkylacrylureas and alkylureas and the cleavage of the polymeric backbone may occur
[18]. Achari et al. found that these reactions can be effectively prevented if the reaction
temperature were low enough and a suitable molar ratio (o) of NaOCI to amide groups
were used [12].

In this work the reaction was carried out at about o = 1 to avoid the simultaneous formation
of carboxylic acids, what would have the potential to turn this material into an amphoteric
ion exchanger with lower colloidal stability. In contrast to our expectations the nanogels
obtained by Hoffman degradation showed prior to neutralization (pH = 14) good colloidal
stability, but tends to form agglomerates around pH = 7. This is a first indication that the
formation of carboxylic acid functions was not completely avoided leading to attractive
interactions between positively charged amine groups and negatively charged carboxylic
acid groups. After purification and freeze drying further analysis of the obtained nanogel

was performed to investigate the formation of amines and side products.

After the reaction, FT-IR spectroscopy (Fig. 6.2) shows decreasing intensity for
characteristic amide signals such as 1649 cm™ (stretching vibration of amide carbonyl
group), double peak at 1449 and 1414 cm™ (stretching vibration of the amide carbon
nitrogen bond) and the signals around 3189 cm™ (stretching vibration of amide nitrogen
hydrogen bond). In addition a new absorption peak can be detected at 761 cm™, it can be
assigned to the nitrogen hydrogen wag typical for primary amines. The strong signal at
2918 cm™ may be an indicator for hydrolysis products such as carboxylic acids, but no

signal can be found around 1750 cm™ what weakens this hypotheses.
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Fig. 6.2. FT IR spectra of native (a) and modified (b) PAAm nanogel

Additional a ninhydrin test was performed in order to detect primary and secondary amino
groups. The ninhydrin reacts with free amino group under formation of a coloured complex
in solution. In case of modified nanogels the solution changed colour indicating the

presence of free amino groups.

The modification was also confirmed by measuring the C, H, N and O content of the native

and modified samples via microanalysis. For interpretation of the analytical data, it was
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important to calculate the theoretical C, H, N and O content of each sample by assuming a
100% vyield of the hydrogel particle synthesis, using the amount of educts and initiator
radicals (data presented in Fig. 6.3). Since for ideal inverse miniemulsion polymerizations
the droplet nucleation mechanism is expected to be the dominant mechanism the 2-
cyanoprop-2-yl radical formed by decomposition of azobisisobutyronitrile (AIBN) initiator
is supposed to enter the droplets to initiate polymerization thus being incorporated in the
hydrogel network. However, since the exact quantification of initiator incorporated in the
network is not feasible, two unrealistic hypothetic cases have been considered. In the first
case we consider that radicals are not incorporated in the network (Theoretical 0%), while
in the second case, 100% of radicals are incorporated (Theoretical 100%). A realistic
statement of the theoretic element contents can be achieved by using values between Theo
0% and Theo 100%. A proper value of the experimental elements contents should be

comprised between Theo 0% and Theo 100%.
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Fig. 6.3. C, H, N, O content of native (a) and modified (b) PAAm-nanogels related to the

dry polymeric mass.

In Figure 6.3a, for native nanogels the experimental content of carbon and nitrogen is
lower than the theory, while the hydrogen and oxygen content is higher than expected.
These outcomes might be attributed to an incomplete drying process, in fact the nanogels
are strongly hygroscopic, and therefore, a significant amount of water is still present in the
sample. In this case water content increase the total mass, increasing the relative oxygen
and hydrogen content, while lowering the carbon and nitrogen content pro rata.

However, if the carbon to nitrogen ratio is taken in consideration (see Fig. 6.4) it is evident
that the experimental carbon nitrogen ratio (C/N) of the native PAAm-nanogels well fit to
the theoretical values. When the modified nanogels are considered, a C/N value comprised
between theoretical ratios for 0 and 100% conversions is expected. In fact, for the modified

nanogels an experimental C/N value of 2.34 was found.
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Fig. 6.4. Carbon to nitrogen ratio of native and modified nanogels

This result can be considered in order to estimate the conversion degree (% c) of the amide

groups in amino groups. Using the equation 1 it was calculated to be 34%.

CN gy - ON ey
% c = & x 100 (1)

C/N Theo 0% ~ C/N (Theo 100%)

Where EXn is the experimental value for native nanogels, EXm is the experimental value
for modified nanogels, Theo 0% is the theoretical value calculated for a 0% conversion and
Theo 100% is the theoretical value calculated for a 100% conversion.

However, it has to be stated that this calculation neglected the possibility of side reactions
such as the formation of carboxylic acid groups or urea derivates, which would increase or

decrease the carbon to nitrogen ratio respectively.

- 133 -



6.3.4. Nanogels activation by GA treatment and Lipase loading

In order to covalent bind with lipase the nanogels were reacted with GA. Diafiltration was
carried out to remove the unreacted GA. The presence of GA in the permeate was
investigated by spectrophotometer, when GA wasn’t detected in the permeate, diafiltration
was stopped. The complete coupling of amino groups with GA was confirmed by the
ninhydrin test that was negative after GA treatment.

Afterwards, lipase was immobilized on the GA-nanogels (Fig. 6.5). Aggregates appeared
when the nanogels dispersion and the lipase solution were mixed. It was probably due to
interactions of lipases molecule with different nanogels. The same lipase molecule reacting
with aldehyde groups of different nanogels could promote the nanogels aggregation.
However the macro aggregate were reduced by sonication indicating that lipase could
promote also a reversible physical interaction between different nanogels particles. The
remaining aggregate were removed by centrifugation and a clear supernatant (containing
lipase loaded nanoparticles and free lipase) recovered. Free lipase was removed by

diafiltration and the amount of lipase immobilized on the nanogels was 0.56 + 0.1 mg.
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Fig. 6.5. Scheme of lipase immobilization on GA-functionalized nanogels
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6.3.5. PVDF biofunctionalization by lipase-loaded nanogels

Immobilization of lipase-loaded nanogels on PVDF-DAMP-GA membrane was carried out
by soaking the membrane in the nanogels dispersion. The immobilization protocol is
illustrated schematically in Fig. 6.6. The aldehyde reactive groups of the membrane
coupled with primary amino groups of lipase immobilized on the nanogels surface, and
resulted in covalent conjugation of lipase-loaded nanogels onto the PVDF-DAMP-GA
membrane (PVDF-GA-Lipase-GA-NANOGEL). The SCA measured for this membrane

was 130° + 7°. The amount of immobilized lipase was 26.2 + 4.4 mg/m?.
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Fig. 6.6. Strategy used to immobilize lipase-loaded nanogels on functionalized PVDF

membrane

6.3.6. Lipase attachment on nanogels-loaded PVDF membrane

An alternative strategy in order to immobilize enzyme using PAAm nanogels was
developed. The immobilization protocol is showed in Fig. 6.7. In this protocol the amino
groups introduced on the nanogel after Hoffman reaction were reacted with the aldehyde
groups grafted on PVDF obtaining the nanogels-loaded membrane. The membrane was
then washed and unreacted aldehyde groups were quenched by ethanolamine treatment
[19]. Elimination of unreacted aldehyde groups is important to direct subsequent enzyme
immobilization on the immobilized nanogels only. The amino groups of immobilized

nanogels were then activated by GA treatment for enzyme immobilization. Afterwards,
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lipase was immobilized on the membrane soaking the nanogels-loaded membrane in the
lipase solution, in this way amino groups of lipase reacted with the aldehyde groups
created on the immobilized nanogels obtaining the PVDF-GA-NANOGEL-Lipase
membrane. The SCA measured for this membrane was 128° + 4°. The amount of

immobilized LCR was 743 + 122 mg/m?.
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Fig. 6.7. Immobilization of LCR on a PVDF membrane previously loaded with nanogels

6.3.7. Lipase immobilization on PVYDF-DAMP-GA membrane
The third type of enzyme immobilization was carried out exploiting aldehyde groups
present on PVDF-GA membrane and primary amino groups present on lipase (PVDF-GA-

Lipase). This easy methodology (illustrated in Fig. 6.8) takes place yielding a Schiff base
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[20] and allows immobilizing lipase in mild conditions. The SCA measured for this

membrane was 135° + 3°. The amount of immobilized LCR was 976 + 68 mg/m®.
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Fig. 6.8. Strategy used to perform direct lipase immobilization on PVDF-GA membrane

6.3.8. Catalytic performances of free and immobilized enzyme

The biocatalytic activity of free lipase was evaluated and compared with the activity of
lipase immobilized by the three different strategies above reported. The specific activity of
the free lipase in solution was determined to be 16.5 + 1.7 U/mg. Among the
immobilization protocols proposed, the enzyme exhibited the highest specific activity
when it was first immobilized on the nanogels and then immobilized on the PVDF-GA
membrane (PVDF-GA-Lipase-GA-NANOGEL). In this case the specific activity was 0.85
+ 0.1 U/mg with an activity per membrane area of 22.3 + 3 U/m?. However, when lipase
was immobilized on the PVDF membrane previously loaded with the nanogels (PVDF-
GA-NANOGEL-Lipase), its specific activity was only slightly lower (0.53 + 0.11 U/mg)
compared to PVDF-GA-Lipase-GA-NANOGEL membrane but the activity per membrane
area was much higher (394 + 76 U/m?) due to the higher amount of immobilized lipase.
Lipase immobilized without employ the nanogels (PVDF-GA-Lipase) exhibited the lowest
specific activity (0.23 + 0.3 U/mg) and activity per membrane area of 224.5 + 26 U/m>.
Based on the contact angles results it is evident that the 3 strategies used for enzyme
immobilization didn't affect significantly the PVDF membrane hydrophobicity, but the

presence of nanogels which protect the enzyme from contact with the membrane and at the
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same time ensures a better interaction of enzyme with water soluble substrates is able to
improve the enzyme performance in both cases in which nanogels were applied. However
should be considered that these observed specific activity values are highly influenced by
mass transfer properties and therefore strongly underestimated. In fact in heterogeneous
systems the overall reaction mechanism depends on the type of mass transfer of the

reactants from the bulk solution to the enzyme and vice versa for the products [21].

6.4 Conclusions

An important challenge in enzyme immaobilization strategies is the retention of biocatalytic
activity of the bioconjugate. In this work we investigated the possibility of improve the
performance of enzymes immobilized on hydrophobic membrane (PVDF) using colloidal
polyacrilamide (PAAm) nanogels as carrier for enzyme immobilization. The proposed
strategy allowed keeping the enzymes in a local hydrated microenvironment on the
hydrophobic membrane without affect the membrane hydrophobicity. In order to promote
a covalently interaction enzyme-nanogel or nanogel-membrane, amino functions have been
imparted to the nanogels applying the Hofmann reaction; they were then activated for
biomolecules immobilization by glutaraldehyde reaction. The model biomolecule lipase
was immobilized on the PVDF membrane employing the PAAm nanogels in two different
strategies. In the first one, lipase was immobilized on the nanogels and then the lipase
loaded nanogels were immobilized on the functionalized PVDF membrane (PVDF-GA-
Lipase-GA-NANOGEL). In the second one, the PAAm nanogels were immobilized on the
functionalized PVDF membrane and then the lipase was immobilized on the nanogels-
loaded membrane (PVDF-GA-NANOGEL-Lipase). Comparing the specific activity of

lipase immobilized by means of nanogels, with both strategies, with the performance of
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lipase immobilized without nanogels an improvement was noticed. We believe that the use
of these strategies shows promise for extension to other enzyme systems, and this work is

currently being pursued.
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OVERALL CONCLUSION

This thesis work was directed towards the development of biohybrid membranes able to
decontaminate streams containing organophosphate pesticides. The work was focused on
the study of functionalization methods for membranes based on polyvinylidene fluoride
(PVDF) and polyethersulfone (PES) polymers. The functionalized membranes were used
as support for biomolecules immobilization obtaining biofunctionalized membranes. The
conditions for PVDF and PES biofunctionalization were investigated employing two
model biomolecules, the protein bovine serum albumin (BSA) and the enzyme lipase from
candida rugosa (LCR). Afterwards, the optimized conditions were used for
biofunctionalization of PVDF and PES with phosphotriesterase (PTE).

For what concerns the PVDF membrane, reactive amino groups suitable for biomolecules
immobilization were grafted on the PVDF surface using the bifunctional agent 1,5-
diamino-2-methylpentane (DAMP) in alkaline conditions. The amino groups were then
activated for biomolecules immobilization by glutaraldehyde treatment. The protein bovine
serum albumin was immobilized on the functionalized membrane in order to evaluate the
binding properties of the modified membranes. Afterwards, lipase has been immobilized
on the PVDF membrane in order to develop a two separate phase biocatalytic membrane
reactor in which the membrane works as both catalytic and separation unit. The
performance of the biphasic enzymatic membrane reactor was evaluated based on the fatty
acids extraction in the aqueous phase. The results obtained give a contribution to develop
processes based on PVDF biocatalytic membrane, because by the proposed strategy the
amount of biomolecules immobilized on the PVDF membrane can be predicted varying the

degree of grafting and a suitable compromise can be found also considering the mechanical
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properties of the membranes which are reduced in correlation with the increase of the
degree of modification.

A phosphotriesterases enzyme from Sulfolobus solfataricus (a hyperthermophilic archaeal)
has been immobilized on the functionalized PVDF membrane and on glutaraldehyde-
activated PES membrane, with the aim to develop biocatalytic membrane systems able to
perform organophosphate decontamination. For the first time a thermostable
phosphotriesterase has been immobilized and characterized for hydrolysis of
organophosphate pesticide (paraoxon). The impact of membranes with different
wettability, such as PES and PVDF membranes was studied with the final aim to treat
either contaminated liquid or vapour streams. Considering both retained phosphotriesterase
activity and membrane permeability, PES membranes showed superior performance in
comparison with PVDF membranes when the target was liquid phase decontamination.
The better behaviour of phosphotriesterase immobilized on PES membrane was due to the
high wettability of the PES that makes it better wetted by the aqueous solution in which the
substrate (paraoxon) is dissolved keeping the enzyme in highly hydrophilic environment
that is required to perform the hydrolysis reaction. On the other hand same results in terms
of water vapour flux were obtained in preliminary studies performed on both
biofunctionalized PES and PVDF membrane. This opens future positive perspectives in the
use of both polymers for organophosphate gas degradation.

In order to improve the activity of enzymes immobilized on PVDF membrane, a strategy to
immobilize the enzyme kept in hydrated state, within the hydrophobic membrane
environment, was developed. Highly hydrophilic polyacrylamide (pAAm) hydrogel of
colloidal dimension were synthesized using the inverse miniemulsion polymerization

techniques. After dispersions in water the pAAmM nanogels were characterized in terms of
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hydrodynamic particle diameter and polydispersity index (PDI) by dynamic light scattering
(DLS) measurements. Afterwards, the pAAm nanogels were functionalized to covalent
bind enzymes, in particular amino groups were created into the polymer net by Hofmann
reaction. The functionalized nanogels were then used as lipase carrier applying two
different strategies. The first strategy was based on the production of biocatalytic nanogels
immobilizing lipase on glutaraldehyde activated nanogels. The lipase-loaded nanogels
were subsequently attached by covalent interaction on the glutaraldehyde-functionalized
PVDF membrane. The second strategy was performed immobilizing the amino
functionalized nanogels on the glutaraldehyde activated PVDF membrane to produce a
nanogels-loaded membrane that was subsequently used to immobilize lipase. The
performances of the lipase immobilized in presence or not of nanogels were evaluated
using p-nitrophenyl palmitate as substrate. The results showed that an improvement in
lipase activity was obtained in both cases in which nanogels were used. This open
interesting perspectives for biohybrid systems in which the hydrophilic microenvironment
is required to improve enzyme activity but the overall membrane hydrophobicity must be

preserved.
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