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In this work, the sol-gel process is used to produce a chemically surface
modified gel (CSMG) with a high modification density. Sodium silicate, an
inexpensive alternative to tetraethoxysilicate, is used as the silica source. The
produced N-CSMG material is shown to have a high amino functional group loading
of 3.6 mmol/g SiO; significantly higher than commercially available matrices.

One aspect of this work deals with retention of an open morphology to
provide access of interior surface areas. Activation of N-CSMG, in the wet state,
with glutaraldehyde produces GA-N-CSMG which is used for the immobilization of
enzymes. Nitrogen adsorption (BET), SEM, and thermogravimetric analysis were
used to study material properties.

Invertase was used as a model enzyme to measure the immobilizing character
of the GA-N-CSMG material. Using an optimized immobilization protocol, a very
high loading of 700 mg invertase per gram GA-N-CSMG is obtained; significantly

higher than other published results. The immobilized activity of 246,000 U/g GA-N-



CSMG is also greater than any other in literature. Immobilized invertase showed
almost 99% retention of free enzyme activity and no loss in catalytic efficiency.

A magor part of this work consists of a scale-up in production of low
molecular weight protamine (LMWP), a peptide with possible pharmaceutical
applications. Since LMWP is produced by the enzymatic hydrolysis of native
protamine, the production of LMWP was improved upon through the immobilization
of the enzyme thermolysin. The immobilized thermolysin proved to be quite robust
and was integrated into a continuous flow-through system for LMWP production.
The purification of LMWP was aso improved upon by optimization of a heparin-
affinity chromatographic process. Optimization allowed for a scale-up of LMWP
production from 5 pg/min to 167 pug/min; a 33-fold increase in production with
improved product purity and recovery.

The last part of this work improves on the N-CSMG material by developing
particles of controllable size and regular shape. Directions for further improvement
of N-CSMG are discussed, including addition of the pH sensitive biopolymer
chitosan. The improved surface coverage of mesoporous silica gels will provide
significant benefits in the areas of catalysis, water treatment, sensors, drug delivery,

and tissue engineering.
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Chapter 1. Introduction

Organic-inorganic composites have generated a significant amount of interest
because of their inherent properties. The rigid structure of the inorganic component
combined with the functionality of organic groups has yielded advanced materials
with improved properties for optics, electronics, protective coatings, Sensors,
catalysis, and many other fields (Sanchez, Soler-lllia et al. 2001). Silica-based
inorganic composites have received much attention since the development of the
M41S periodic mesoporous matrix (Kresge, Leonowicz et a. 1992) in the early
1990s. Since then a number of protocols have been developed, using a wide array of
conditions, to produce a variety of mesoporous silicas (Sayari and Hamoudi 2001).
Two general methods are available for the chemica modification of mesoporous
silicas. (1) post-synthesis grafting (Beck, Vartuli et a. 1992) and (2) co-condensation
(Burkett, Sims et a. 1996). Post-synthesis grafting involves the reaction of
organosilanes with silanol groups present on the matrix surface. Generally this
method results in an inhomogeneous surface coverage of the function group with
concentration at the outer surface and pore entrances (Lim and Stein 1999).

In the co-condensation process, organosilanes are mixed with the silica sol
prior to gelation and condensation between the sol and organosilanes results in a
silica matrix with a chemically active surface. A homogenous distribution of
functiona groups can be achieved with the co-condensation process (Lim and Stein
1999) with higher loading densities (Mori and Pinnavaia 2001; Kruk, Asefa et al.
2002). However, practically al co-condensation processes to date make use of

tetragthoxysilane (TEOS) or tetramethoxysilane (TMOS) as the source of silica. Only
1



recently has a report been published detailing the synthesis of mesoporous
organosilicas from sodium silicate in a co-condensation process (Yu, Gong et al.
2004). Yu et. a. vigorously mixed acidified solutions of sodium slicate and
organosilanes and allowed hydrolysis to occur for one hour. The solution
temperature was then raised to 50 °C and NaF added to induce gelation. With this
method methyl, mercapto, and vinyl surface modifications were introduced to
mesoporous silica gels.

Although there are many reports using TEOS to produce amino-functionalized
silica gels (Lee, Kim et al. 2001; Bois, Bonhomme et al. 2003; Y okoi, Y oshitake et
a. 2004), only one reference has been found for a co-condensation process which
uses sodium silicate (Shah, Kim et al. 2004). They report a maximum of 50 mol%
functionalization of available sites with 3-aminopropyltrimethoxysilane.

While tremendous advances have been made in the fabrication of composites
with a high surface area, high functional loading, and controlled morphology, the
immobilization of biological specie on these composites has not seen a significant
improvement compared to materials of the past. Efficient immobilization of biologics
requires not only a matrix with designed properties, but also the proper protocols and
processing conditions. Design of such a system requires a proper understanding of
the underlying process and an ability to control it.

1.1 Motivation

Advances in biochemistry have made it possible to engineer and produce a

variety of proteins. In some cases, these proteins (e.g. insulin, human growth

hormone, etc.) are used as medicines to enhance the biologica system or to negate a



deficiency (Baker, Meldrum et a. 2003). One exciting and growing area is that of
gene therapy. Insight gained in the human genome allows for drugs to be customized
for individuals (Gamradt and Lieberman 2004). It could also, someday, provide a
means of correcting “mutations’ in the DNA structure itself (Pannier and Shea 2004).

Many proteins are also finding their way into industrial processes as cata ysts.
Enzymes are large protein molecules that significantly increase rates of reaction by
lowering the activation energy. An example of this is the decarboxylation of orotic
acid, which spontaneously decarboxylates with a half-life of 78 million years at room
temperature. The enzyme Orotidine 5 -phosphate decarboxylase increases this rate
by 10" fold (Fersht 1999). The ability of enzymes to bind specific substrates and
mediate their reaction into stereo-specific products has tremendous potential.

The efficiency of biological enzymes in reaction mediation makes them an
attractive tool for use in industria production processes. Enzymes offer four major
advantages:

= Higher reaction rates: up to a factor of 10 times greater than the
uncatal yzed reactions;

= Reaction conditions. enzymes operate at temperatures less than
100°C, atmospheric pressures and near neutral pH;

= Reaction specificity: enzyme specificity for both substrate and
product produces fewer side reactions;

= Regulation: enzyme activity may be regulated by the presence of

various molecules.



Because of their ability to improve reaction rates and product specificity,
enzymes are a significant part of many industrial processes (Cheetham 1995). They
are extensively used in the manufacturing of pharmaceutical drugs and fine chemical
production, among many other applications. The use of enzymes in manufacturing
processes does possess a few drawbacks; enzymes are arelatively expensive reaction
component and therefore increase production costs. They are also extremely sensitive
to environment conditions and can be easily denatured. Any manufacturing process
must consider the conservation of the enzymes within the reactor while aso
maintaining their activity.

Where enzymes are used to catalyze a homogenous reaction, protein
purification techniques can be used to recover and reuse the enzymes. Severa
techniques are avalable for protein separation including chromatographic,
electrophoretic, and extractive (Gordon, Moore et a. 1990). Each of these methods
has arolein protein purification and they are often used in some combination.

Affinity chromatography is often the method of choice for processes which
require high purity (Narayanan 1994). Chromatography methods operate by taking
advantage of dlight property variations of the proteins. In a broth consisting of the
hundreds or thousands of biological molecules present in living systems, these slight
property variations often are so small that many molecule types are brought out of
solution (Isaacs 1996). Affinity chromatography, on the other hand, works through
the specific interaction of one molecule type (ligand) with another molecule type

(substrate) (Y an 1996).



Often, the most expensive step in enzyme production is the downstream
separation and purification of the desired protein (Conder and Hayek 2000).
Therefore, use of these methods for enzyme recovery from a homogeneous catalysis
process can significantly increase production costs. One method of lowering these
processing requirements is to use a heterogeneous catalyst — an immobilized enzyme
(Beck and Suginome 1991, Chitnis and Sharma 1997; Laszlo 1998).

A method that has long been studied, and has been put into some practice, is
the immobilization of enzymes on a solid support. There are three basic methods for
enzyme immobilization: entrapment, cross-linking and carrier binding (Tischer and
Wedekind 1999). Entrapment, as the name suggests, is basically the trapping of the
enzyme within a cage-like, porous network that allows the substrate to diffuse
through. Therelatively large enzymes are unable to, or very slowly, diffuse out of the
solid network and are therefore retained. Cross-linking is achieved through
intermolecular bonding between enzyme molecules. Carrier binding involves the
formation of interactions between enzyme and a support. This method can be further
categorized as ionic binding, physical adsorption or covalent binding depending on
the method.

There are many advantages to the immobilization of proteins on a solid
support (Monsan and Combes 1988; Bergogne, Fennouh et al. 2000; Mateo, Torres et
al. 2003):

= Improved enzyme shelf-life (haf-life);
= Improved stability in adverse reaction conditions;

= Improved stability in the presence of organic solvents;



= Separation from product stream;

= Allowsfor continuous flow operations and repetitive usage; and

» Increased enzymatic activityin few cases

A variety of immobilization materials are available for use in both laboratories
and industrial processes with many of these materials based on organic polymers (e.g.
agarose, dextran, etc.) which fall under the category of “soft gels’ (Abourebyeh,
Korber et a. 1991; Camperi, Grasselli et a. 2004). The mgjor drawback of soft gels
istheir low mechanical strength and in some cases low thermal and chemical stability
(Tharakan, Highsmith et al. 1992). Low mechanical strength materials can only
sustain a small pressure drop and thus they are limited to low solution flow rates
when operated as a packed bed reactor (PBR). This can be a mgor drawback in
industrial processes. The mechanica strength can also limit column size and thereby
affect the reactor’ s efficiency.

The use of silicain enzyme immobilization can provide several benefits:

» High surface areas (500 — 1000 m?g) provide the possibility of high
enzyme loadings on the matrix. This would increase the rate of
reaction, measured as the product produced over time.

= Greater mechanical strength would allow the use of column reactors
at higher flow rates without matrix distortion.

= The silica matrix consists of surface hydroxyl groups that can be
readily used for a variety of surface modifications. A number of
functionalities (thiol, amine, etc) have been introduced on the surface

at high loadings (7.5 mmole/g of silicafor thiol modification).



= The hydrophilic slica surface would minimize fouling problems
often encountered with the hydrophobic “soft gels’.  Organic
molecules interact with the surface of these organic gels, creating a
film on the surface and interfering with enzyme activity (Amanda and
Mallapragada 2001; Li, Wu et a. 2003).

= The open pore morphology of silica gels alows substrates to quickly
move into the interior regions of the particle.

= Solvents used in the processng of slica materias are
environmentally benign.

Although enzymes have been immobilized on silica gels, the vast mgority of
these have been done on pre-formed gels. Immobilization on pre-formed gelsinvolve
a number of steps 1) activation of the gel surface, 2) surface modification with a
reactive functional group, 3) attachment of a cross-linking agent, and 4) introduction
of the enzyme. This method has been successfully used for enzyme immobilization;
however the loadings have been limited. When the activated gel is introduced to the
enzyme solution, enzyme immobilization first occurs at the pore openings. At higher
loadings, the enzymes can effectively block the pores preventing enzyme diffusion
into the interior. A more effective method must be developed for the immobilization
of enzymes.

1.2 Goals and Objectives

Commercial use of enzymes is limited by their relative high cost. The maor

goal of this research is to develop methods for the efficient immobilization of

enzymes on silica.  ldeally, a “one-pot” process would accomplish the enzyme



immobilization and gel formation simultaneoudy; increasing the loading while
reducing the required processing. However, as will be explained further, a“one-pot”
process would likely result in enzyme deactivation due to the presence of chemically
active small molecules. In this work, we seek to achieve significantly improved
loadings while a'so simplifying the process.

Specific objectives of thiswork are:

= Surface modification of silicagel with amino functiona groups;

= Immobilization of invertase to devel op immobilization techniques;

= Compare activity and yield of immobilized enzymes with that of the
free enzyme;

= |Immobilize thermolysin for Low Molecular Weight Protamine
(LMWP) production; and

= Control of silicagel morphology.

The goa of this research is to develop an effective method for the
immobilization of bio-molecules onto silica surfaces. An immobilization method will
first be developed for invertase, which hydrolyzes sucrose into glucose and fructose.
The method will then be applied to the immobilization of thermolysin, a protease
used for the production of Low Molecular Weight Protamine (LMWP) from native
protamine.

1.3 Relevance and Expected Benefits

Rapid advances in microbiological research have brought about a greater

understanding of biological molecule function and much progress in the area of

protein engineering. The result is a growing possibility for the use of these biological



molecules as catalysts for commercial processes. However, before any of these
molecules can be used commercidly, the process must prove to be economicaly
feasible.

Often enzymes are relatively expensive compared to their substrates and are
lost in the homogenous reaction process. One method of cost reduction is to recycle
and reuse the enzyme from the product stream. This would significantly improve the
economics, by optimizing enzyme use, only if the separation can be done efficiently
and cost-effectively. Separation can be greatly facilitated by immobilizing the
enzyme on a solid matrix. The development of an immobilization technique is
proposed for invertase and thermolysin, both on a nanoporous silica matrix.

Potential customers for the product vary from research labs, to academia and
large pharmaceutical companies. The market place currently contains a variety of
options that can be used for the immobilization of biologica molecules. These
materials have considerable limitations when it comes to large-scale processing. The
engineered, silica based material would provide some property improvements and
could beideal for large-scale processes. Such materials can find use in heterogeneous
catalysis, affinity chromatography, membrane reactors, bio-sensors and drug delivery,

among many others.



Chapter 2: Silica Gel Synthesis

2.1 Sourcesof silica
Silicon is the second most abundant element on earth, after oxygen, making-

up approximately 25 percent of the earth’s crust by weight; largely found in the form
of oxides such as sand and clay (Winter 2003). Sodium silicate, of formula NaSiOg,
is commercialy produced by the reaction of soda ash and sand in a furnace. Also
know as “water glass’, sodium silicate is used as an adhesive (Suleman and Hamid
1997), detergent (Keeley 1983), and fire-retardant (Nassar, Fadali et a. 1999). In
addition to sodium silicate, several organic silica precursors are available, such as
tetraethoxysilane (TEOS), of formula Si(OC;Hs),, and tetramethoxysilane (TMOS),
of formula Si(OCHy3)s.

The advantages and disadvantages of each of these precursors must be
carefully considered when designing a sol-gel protocol to produce porous silica gels.
TEOS and TMOS present the advantage of relatively high purity. However, the
organic precursors have low solubility in water, prior to hydrolysis, and require the
addition of alcohol as a co-solvent (Brinker and Scherer 1990). Sodium silicate, on
the other hand, is inexpensive and highly soluble in water. However, it has a high
ionic strength, which may be problematic, and the gel must be extensively washed to
remove the considerable amount of salt which forms. Reagent grade TEOS can be
purchased from Sigma-Aldrich at a cost of $38.90 per liter (Cat. No. 131903, 2004).

Sodium silicate of the same grade has a cost of $22.70 per liter (Cat. No. 338443,
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2004). This gives a savings of more than 40 percent, compared to TEOS, which can
be significant on an industrial scale.

In thiswork, sodium silicate is used as the initial source of silica. However, in
order to reduce the solution ionic strength, a cation-exchange Amberlite™ resin is
used to exchange sodium ions for hydrogen. A column filled with the ion-exchange
resin is activated by flowing through an acid (e.g. hydrochloric acid) to introduce
hydrogen ions onto the resin surface, which is sulfonic acid-functionalized and
negatively charged. The column is then washed with deionized water before the
sodium silicate solution is passed through. Since the silicate solution is sodium-rich,
relative to the resin, at any given point aong the column, there is an exchange of
sodium and hydrogen such that sodium silicate (pH>12) is transformed into silicic
acid (pH<3):

NaQ8|03—> H28|O3 (1)

on_exchange
Silicic acid can be used to fabricate silica gelsin a sol-gel process by simply adjusting
the solution pH to neutral with abase.
2.2 The sol-gel process

A sol, by definition, is a suspension of solid particles, with size between 1-
1000 nm, in aliquid continuous phase. The sol-gel process refers to the creation of a
continuous, solid network through a change of interactions between the colloidal
particles; changing the systems characteristics from that of a liquid to that of a gel.
The result is a bi-continuous system composed of the continuous, interpenetrating
solid and liquid phases. Using a patent-pending process from the Industrial Science

and Technology Network, Inc. (ISTN), silicic acid, Si(OH),, is obtained without the
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alcohol generation associated with hydrolysis of TEOS and TMOS. In many cases, a
high acohol content results in protein denaturation (Berman and Boyer 1972,
Schellman and Hawkes 1979; Alonso and Dill 1991; Stepuro, Lapshina et al. 1991).
Compared with other sol-gel processes that start directly from a colloidal silica,
ISTN’s process using silicic acid starts with a much lower ionic strength. The low
ionic charge is critical to the modification reaction because of an improved solubility
for the organic ligand components (Cserhati and Illes 1991; Tasleem, Durani et al.
2004). Freshly prepared silicic acid is composed of silica particles with very small
particle size (2 - 10 nm) and, thus, a very large surface area and plenty of active
silanol groups. A silane coupling reagent may be used to incorporate ligand groups
on the particle surface and the modified silica sol can be gelled quickly with an
adjustment of pH.

The sol-gel process consists of three basic steps: 1) gelation; 2) ageing; and 3)
drying. During gelation, the synthesis of silica polymers occurs through the

simultaneous hydrolysis and condensation reactions (Figure 2-1):

\Si/OR + ,OH —— \Si/OH + _.OH
/] H /] R
Hydrolysis
~__OR HO. .~ - .0\ _
S S S S ~OH
/|| + /|| /|| || + R

Condensation

Figure 2-1 Hydrolysis and Condensation reactions during the sol-gel process

The synthesis of silica gel is easily carried out through either an acid or base
catalyzed reaction. Under these conditions the silicate undergoes polymerization to

form a stable and ordered mesoporous silica gel (Khushalani, Ozin et al. 1999).
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Hydrolysis, through an Sy2 mechanism, occurs by nucleophilic substitution.
Condensation between the precursors results in the formation of a 3-dimensional
network, or gel, which grows to encapsulate the solvent phase. It is the relative rates
of hydrolysis and condensation that determines the properties of the silica gel formed.
Acidic conditions favor hydrolysis leading to the growth of silica filaments, while
basic conditions favor condensation and yields colloida silica (Brinker and Scherer
1990). Gelation can be accomplished by a one-step process which involves the use of
asingle base or acid as catalyst. In addition, a two-step process can aso be used by
initiating hydrolysis with an acid catalyst and following this with base-catalyzed
condensation. A number of factors, including the precursor, temperature, pH,
catalyst, and water content, can be manipulated to effect a variation in the reaction
rates (Boonstra and Bernards 1989; Coltrain and Kelts 1990; Bernards, Vanbommel
et a. 1991). In this work, a two-step process is used in the making of silica gels as
detailed in later sections.

After gelation, the next phase in sol-gel fabrication is the ageing process.
Although the gel formed in the initia phase entraps the entire solvent volume, the
hydrolysis and condensation reactions continue to occur within the gel (Scherer
1988). During this phase, some gel shrinkage is seen along with a corresponding
expulsion of solvent. Gels of desired densities can be obtained by simply varying the
ageing time (Kistler 1937).

Typicaly, an application for silica gel requires the remova of the solvent
phase and this is the final stage of the sol-gel process — the drying step. Drying

conditions can have a significant effect on the final gel properties (Harris, Cooke et
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al. 1998). Indrying, astheliquid is removed from the gel, a liquid-vapor interface is
developed within the gel and this creates significant capillary pressures as described
by the LaPlace equation:

Ap= Zy(crosﬁ) @

where Ap isthe capillary pressure difference, y is the specific surface energy of the

liquid-vapor interface, & is the contact angle, and r is the pore radius. With a pore
radius on the nanometer scale, the large stresses generated can result in permanent
shrinkage of the gels. In the following section we discuss methods for alleviating gel
shrinkage.
2.3 Control of Morphology

Over the past decade, a great deal of research has focused on the development
of mesoporous materials due to their remarkable properties. These ordered
mesoporous structures have shown improved mechanical behavior and also optical,
electrical and biological properties (Ober and Wegner 1997). With such an array of
properties available, the possible applications of this material are vast ranging from
insulation, to optical wave-guides, chromatography packing and even gas separation
and membrane reactors (Nair, Elferink et a. 1996; Pgonk 2003). A significant
barrier in the processing of such materialsis control of the silicagel morphology.

Silica gels with a mesoporous structure and high surface areas were first
reported in the preparation of aerogels by Steven Kistler in 1931. In this work, silica
gels were prepared by reacting sodium silicate with hydrochloric acid. After
extensive washings, to remove salts, water is replaced with an acohol and the gels

dried in an autoclave at supercritical conditions (T gon = 216 °C, Pion = 956 psi).
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Kistler's purpose for using supercritical conditions was to, in his words, “replace the
liquid with air by some means in which the surface of the liquid is never permitted to
recede within the gel” (Kistler 1931). Prior to this work, xerogels were prepared by
the air drying of silica gels and yielded void volumes between 30-50%. With the use
of supercritical drying, Kistler was able to produce aerogels with void volumes up to
99% and he stated that the gel morphology could be tuned by a variation of the drying
conditions (Kistler 1937). This method, however, is not commercially viable because
it istime consuming and requires a great deal of capital investment. The washing and
solvent exchange process is very tedious and time consuming. In addition, the high
temperatures and pressures required to obtain supercritical conditions creates a
potentially explosive situation. The 1980s saw the development of a supercritical
drying process using liquid CO, at much lower temperature and pressure (T, = 31.5
°C, P. = 1072 psi) (Tewari, Hunt et a. 1985) which is the current standard used in
aerogel production.

Wet silica gel contains a considerable amount of silanol groups along its
surface (Perry and Li 1991; De, Kundu et al. 1993). These groups provide a valuable
resource for surface modification, but can also destroy gel porosity by undergoing
condensation reactions with each other (Duffours, Woignier et a. 1996). This
problem is magnified further during the drying process when capillary stresses
created by the vapor-liquid interface of the escaping solvent crack and collapse the
porous structure. Condensation of surface silanol groups can then result in an

irreversible loss of porosity (Woignier, Despetis et a. 2000).
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Pressure

#2 @ Gauge #3
X

Procedure

1. Charge gel, in EtOH, to chamber
and seal tightly.

2. Exchange EtOH for liquid CO, by
cooling chamber and then
repeatedly opening valves #1 and
#2 and then venting until all EtOH
is removed from sample.

3. Slowly vent CO, gas while
maintaining chamber above T, and
Pc.

Figure 2-2 Sample appar atus design for supercritical CO, drying.

Si--OH  HO--Si Si--OH HO--Si
Si“OH HO“S' Si“O“Si
Si--OH HO--Si Si--OH HO--Si

Figure2-3 Collapse of poresdueto condensation of surface hydroxyl (silanol) groups.

Permanent shrinkage of silica gels occurs due to condensation that occurs

between the surface hydroxyl groups (see Figure 2-3). This can obviously result in

the collapse of pores and degradation of material properties (i.e. surface area,

porosity). However, shrinkage aso serves to increase the mechanical strength of the

silica gel. It is therefore important that the degree of condensation be carefully

controlled to obtain gels of desired morphology.
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a) b)

Figure2-4 Silica gel network formation by (a) acid and (b) base catalyzed hydrolysis and
condensation.

Adjusting the reaction conditions and reactant concentrations also changes the
sol-gel morphology. One factor which can have significant effect on silica
morphology is the solution pH (Chao, Lin et a. 2004). In acidic conditions, the
hydrolysis reaction occurs at a faster rate than condensation; a low degree of
crosslinking due to steric crowding results in silica polymers which are weakly
branched (Klemperer, Mainz et a. 1988). As the pH is increased, the rate of
condensation increases relative to the hydrolysis rate until, under basic conditions, the
relatively fast condensation rate results in the formation of highly branched polymers
which are of colloidal nature. The structure and packing efficiency of these polymers
determine the structure of the gel, with the highly branched systems leading to
mesoporous gels due to inefficient packing and the more linear, weakly branched
polymers yielding a highly dense, microporous structure (Handy, Walther et al. 1991,
Nair, Elferink et a. 1996). Ying and co-workers indicate that the acid-catalyzed
silica gels contain higher concentrations of adsorbed water, silanol groups, and
unreacted alkoxy groups than the base-catalyzed counterpart (Ying, Benziger et al.
1993). They aso discovered that upon heating, significant densification was seen

with the acid-catalyzed gels while the base-catalyzed silica gels maintained a high
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surface area of 100 m?%g. The high silanol content of acid-catalyzed silica gels is
desirable in order to achieve a high surface modification density, as discussed in the
next section. However, the high silanol content aso leads to a significant reduction in
surface area and pore volume upon drying. The understanding of this process has
allowed us to develop a process which significantly improves the loading capacity of
surface-modified, silica gels.

In this work, we begin with the silica precursor in acidic conditions (pH <3).
As stated above, this condition leads to increased hydrolysis, compared to
condensation, and weakly branched polymers that contain a large amount of silanol
groups. The addition of a basic catalyst increases the condensation rate and within a
few minutes results in the formation of a gel. This process has allowed for the
significant improvement in the surface modification of silica gels with various
functional groups while also minimizing the shrinkage observed after drying. These
results are presented in the following sections.

Another variable that can be adjusted to vary gel structure is the reaction
temperature. An increase in reaction temperature leads to a greater degree of
branching and therefore a less densely packed structure (Brinker and Scherer 1990).
Room temperature was used for the fabrication of all silica gels in this work. The
water and catalyst content also determines the rates of hydrolysis and condensation
and these, in turn, vary the polymer structure from linear to weakly branched (Hench
and West 1990).

Controlling reactant concentrations and reaction temperature are a few of the

tools available for the customization of silica gels. Another available tool is the use
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of surfactants. The use of surfactants as templates for porous silica gels has received
considerable attention since the development of ordered mesoporous structures
(M41S materials) by Mobil Corporation in the early 1990s (Beck, Vartuli et al. 1994).
With a variety of surfactants available, control of pore size at the nanometer level is
attained through the proper selection of a surfactant (Kickelbick 2004). In addition to
differences in molecular size, surfactants also vary with anionic or cationic heads or
with variations in the hydrophobic tail. This vast array of properties allow for the
customization of mesoporous structure through the judicia choice of a surfactant.
Preparing ordered solid-state structures using polyelectrol yte-surfactant complexes as
building blocks provides even more exciting and versatile routes for morphology
creation (Li, Bhosale et a. 2004). The engineered nanopore structure achieved by
scientists at Mobil is one example of such an application.

Growing silica particles in a precursor system behave as a polyelectrolyte.
The strong interaction of slica with the oppositely charged, self-assembled
surfactants leads to the morphology creation by surfactant template. The Coulombic
interaction, much stronger than van der Waals interaction, can be used favorably to
stabilize the composite morphology. With an intelligent selection of the solvent
system, plus appropriate fine-tuning of pH, an ordered nanostructure can be formed
by design.
2.4 Surface Modification

Organic-inorganic composites combine the rigidity of the silica network with
the reactivity of organic functional groups. These composites have been pursued for

use in various applications, such as catalysis, bioreactors, membranes, and sensors.
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Sulphonic acid modified silica gels have been used for the concentration of scandium,
zirconium, hafnium, and thorium based on a cation-exchange process (Alimarin,
Fadeeva et a. 1987). Various modified silicas have also been used for remova of
trace Cd(lI1), Cu(ll), Co(ll), Hg(ll), Ni(ll), Pb(ll), Zn(ll), and Mn(ll) ions for
purposes of water purification (Nakagawa, Haraguchi et a. 1998; Bowe and Martin
2004; Mahmoud, El-Essawi et al. 2004; Mahmoud, Masoud et al. 2004). Modified
silicas have also been investigated for the recovery of precious metals, such as silver,
gold, platinum, and palladium (Tong, Akama et a. 1990; Tikhomirova, Fadeeva et al.
1991; Barboiu, Lucaet al. 1997).

The sol-gel process alows for the introduction of a variety of surface
modifications and also provides the capability for morphology control (Hench and
West 1990). The organo-functionalization of mesoporous silica gels can be
accomplished by two genera routes. (1) the post-modification of gels through the
reaction of organosilanes with surface silanol groups, and (2) the co-condensation of
organosilanes with the silica precursor during gel formation. In many instances, the
silica gels used in the first method lack reactive surface silanol groups and must first
be activated, typically using a strong acid, to break siloxane bonds and form silanol
groups. The organosilane modifier is then introduced for surface modification. The
degree of surface modification is typicaly low when using this post-modification
method.

The co-condensation approach is preferred because it requires fewer
processing steps and the material obtained has a more uniform, controlled distribution

of the functiona group (Burkett, Sims et al. 1996; Walcarius and Delacote 2003).
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Although both synthesis routes have been used to prepare ordered, mesoporous silica
gels, the co-condensation process has generally been shown to yield higher degrees of

surface modification (Mori and Pinnavaia 2001).

Table 2-1. Loading of amino functional groups on silica gels made by the post-synthesis and co-
condensation processes.
Surface Area | Amino loading
(m?g) (mmol/g)

Reference

Post-synthesis of silica gel

390 1.35 (Etienne and Walcarius 2003)

662 2.01 (Y okoi, Y oshitake et al. 2004)

Co-condensation with TEOS

0.5 5.34 (Sartori, Bigi et al. 2004)
65 22 (Bois, Bonhomme et al. 2003)
328 242 (Lee, Kimet al. 2001)
525 23 (Etienne, Lebeau et al. 2002)
721.7 17 (Huh, Wiench et al. 2003)

The published work that most closely resembles our approach to silica gel
fabrication was done by Shah and co-workers (Shah, Kim et a. 2004). In their work,
the authors used sodium silicate as the silica sources in making organo-functionalized
mesoporous molecular sieves. The surface modifying organosilane was first
introduced to a solution of ethanol, acetic acid, and the non-ionic surfactant, Brij 56
and alowed to hydrolyze for one hour. The sodium silicate solution was then
introduced to the hydrolyzed organosilane and then aged at 65°C for 24 hours. Using
this method, the researchers introduced a variety of functional groups (amino, thio,

phenyl, and nitrile) into silica structure with hexagonal and wormhole morphol ogies.
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Specific surface areas for the materia ranged from 515 — 1190 m?/g and pore
volumes from .53 — 1.15 cm/g.

This work begins with a solution of sodium silicate which is ion-exchanged to
produce silicic acid. In order to accomplish the surface modification, 3-
aminopropyltriethoxysilane (APTES) is introduced to the system at a ratio of 1.1
mols per mol silicic acid and the system stirred with a magnetic stir bar. APTES,
with its basic amino group, acts as a base-catalyst to induce gelation of the system
while it also undergoes the hydrolysis and condensation reactions to be introduced
into the network of the forming gel. This simple process produces chemicaly
surface-modified gels (CSMG) with high loadings and uniform distribution of the
amino functional group (N-CSMG). In addition, this process can be easily scaled-up
by smply increasing the amount of reactants and can be used to produce gel

monoliths of desired shapes with the use of an appropriate mould.

2.5 Material Characterization

2.5.1 Nitrogen Adsorption
The surface area and pore size characterization of silica gels is often

accomplished by means of physical gas adsorption. In this technique, the amount of
gas adsorbed onto the solid surface is directly correlated to the material’s surface area
and pore structure (Groen, Peffer et al. 2003). Often the gas of choice is, but not
limited to, nitrogen at 77 K — the boiling temperature of liquid nitrogen. The
construction of an adsorption isotherm over a range of partial pressures (p/po), the
ratio of system pressure to the saturation pressure, provides information on the

specific surface area, pore size distributions, and pore volumes of the material.
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Brunauer, Emmett, and Teller first realized that gases at the boiling point adsorb in
multilayers as the pressure is gradually increased (Brunauer, Emmett et al. 1938). By
extending the Langmuir monomolecular adsorption to multilayers, they determined
the surface area with the BET equation (3), where W is the weight of adsorbed
nitrogen at a relative pressure of (p/po), Wi is the gas weight of monolayer surface
coverage, and C is a constant related to the heat of adsorption.

1 _ 1 . (c-)p
W[(%j_l} W,C W, C p, 3)

Generadly the adsorption isotherm is linear in the (p/po) range of 0.05 — 0.30

(see Figure 2-5), in which case the BET equation can be used to determine the
monolayer weight of adsorbed nitrogen and the constant C from the slope and y-
intercept (4). The specific surface area can then be determined from the monolayer

weight and the cross-sectional area of the gas molecule, 16.2 A% per molecule for

nitrogen (N2).
slope = (€-1)
W, C 4
y—int = 1 @
C

Pore size distribution is determined bythe model developed by Barret, Joyner
and Halenda (BJH model) based on the Kelvin equation, corrected for multilayer
adsorption (Barrett, Joyner et al. 1951). The pore sizes are divided into three
categories based on diameter: micropores (< 2 nm), mesopores (2 — 50 nm), and

macropores (> 50 nm). Mesopores of size >30 nm are ideal for materials used in
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enzyme immobilization due to improved access of the interior surfaces (Tischer and
Wedekind 1999).

As mentioned earlier, a significant issue in working with mesoporous
materials is shrinkage and the corresponding pore collapse. With the realization that
permanent gel shrinkage occurs due to the condensation of surface silanol groups, we
proposed that the shrinkage of gels can be minimized through modification of the
silica gel while it is in the wet state. In the wet state, the pore size and specific
surface areas are at their maximum. Any attempt to dry the gel, even partialy, leads
to shrinkage. To minimize the mass transfer limitations, by taking advantage of the
fully open pores, all surface modification reactions were conducted with the wet gel.
To test this hypothesis, we produced N-CSMG gels according to the procedure
outlined in Section 2.4 . A portion of the N-CSMG was further reacted with
glutaraldehyde, as will be detailed in Chapters 3 and 4, to produce GA-N-CSMG.
Samples taken from both N-CSMG and GA-N-CSMG were then air dried at room
temperature, freeze dried, or supercritically dried. Air dried samples, in 50 mL
centrifuge vials covered with filter paper, were placed in a fume hood for 48 hours.
Freeze dried samples, also in 50 mL centrifuge vials, were first frozen in liquid
nitrogen and then lyophilized, at -40 °C for 24 hours, with a Labconco Freeze Dry
System (Model: Freezone 4.5). Samples for supercritical drying were repeatedly
washed with ethanol and then freeze dried using the protocol specified in Figure 2-2.
Each sample was then further, dried under vacuum, at 100 °C for a minimum of 2
hours until all adsorbed moisture was removed and then analyzed for surface area.

The air dried and supercritically dried samples were analyzed using a NOVA 1200,
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Version 6.0 High Speed Gas Sorption Analyzer from Quantachrome Corporation

(Boynton Beach, USA). Analysis of freeze dried samples was conducted by

Quantachrome Corporation on an Autosorb Automated Gas Sorption System.
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Figure 2-5 N, adsor ption isothermsfor air dried silica gel samples.
N-CSMG and GA-N-CSMG samples were air dried at room temperature for 72 hours and then
degassed under vacuum for a minimum of two hours at 100 °C prior to measurement of N, adsorption.

Figure 2-5 shows the nitrogen adsorption isotherms for the air dried N-CSMG

and GA-N-CSMG samples. Because the y-axis contains the term (1/W), materias

that adsorb a higher nitrogen weight, W, show a smaller slope value but posses

greater surface areas. From the plot it is clear that a significant differenceis seenin

the nitrogen adsorption isotherms of the unmodified N-CSMG and GA-N-CSMG

upon air drying. Figure 2-6 shows asimilar difference between N-CSMG and GA-N-

CSMG when the samples are freeze dried. When comparing the results of the freeze
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and air dried samples, it must be noted that the y-axis in Figure 2-6 is only half the

scale of that shown in Figure 2-5.
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Figur e 2-6 Nitrogen adsor ption isother ms of freeze-dried silica gels.

N-CSMG and GA-CSM G suspensions in deionized water were frozen in liquid nitrogen and then
lyophilized. Samples were degassed under vacuum at 100 °C until adsorbed moisture was removed
prior to analysis.

Table 2-2 Specific surface area of N-CSM G and GA-N-CSM G after air drying, freeze drying,
and super critical drying as deter mined by the BET method.

Air Dried | Freeze Dried | Supercritical Dried
(m*/g) (m*/g) (m*/g)
N-CSMG 3 5 --
GA-N-CSMG 18 242 649

Surface area analysis of the material before and after modification has shown
considerable difference in material properties. The air dried GA-N-CSMG has a

surface area five times greater than the corresponding N-CSMG while the freeze
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dried GA-N-CSMG shows an amost 50-fold increase in surface area compared to N-
CSMG. It isdso interesting to note that freeze drying only slightly improves the N-
CSMG surface area, compared to air drying, while an increase greater than 13-fold is
seen for GA-N-CSMG. An improvement against shrinkage is clearly seen when the
N-CSMG is modified in the wet state. It is likely that the glutaraldehyde works
similar to the templating agents commonly used for control of pore morphology in
sol-gel processes. Since glutaraldehyde is a bi-functional molecule, it is aso possible
that it binds to the silica matrix on both ends and braces the gel against the collapsing

stresses. Pore-size analysis for freeze-dried GA-N-CSMG is shown in Appendix A-5.
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Figure 2-7 Nitrogen adsor ption isotherm of silica gel dried with supercritical CO..

GA-CSMG suspensions in deionized water were washed with 60% ethanol (3X), 80% ethanol (3X),
and absolute ethanol (3X). Ethanol was then exchanged for liquid CO, and then the system pressure
and temperature raised to supercritical conditions (T > 32 °C, P > 1170 psi) and sample dried by
venting the supercritical CO,. Samples were degassed under vacuum at 100 °C until adsorbed moisture
was removed prior to analysis.
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For comparison purposes, a sample of the modified gel was supercritically
dried and the surface area measured (see Figure 2-7). The obtained specific surface
area of approximately 649 m*g-GA-N-CSMG is likely close to the surface area of

the gel initswet state.

2.5.2 Thermogravimetric Analysis
Thermogravimetric analysis (TGA) is the measure of change in sample weight

with increasing temperature. This measurement allows us to determine the degree of
surface modification through comparison of the percent weight loss. All samples
were held at 100 °C for ten minutes for removal of any adsorbed water. The
temperature was then increased at a rate of 10 °C per minute with simultaneous

recording of weight measurements.
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Figure2-8 Thermogravimetric analysis (TGA) of N-CSM G and unmodified silica gel.
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The TGA profiles of unmodified silica, N-CSMG, and GA-N-CSMG are
shown in Figure 2-8. The unmodified silica gel was made using the same recipe as
N-CSMG, with APTES replaced by 6 M NaOH as the gelling agent. Since no
APTES is added, the resulting gel has active silanol groups but no amino-
modification of the surface. The unmodified silica gel shows a decrease in weight of
approximately 8.2 percent. Increasing the temperature induces condensation between
silanol groups; resulting in the formation of water, which is vaporized, and decreasing
the sample weight.

N-CSMG shows a weight loss of approximately 23 percent according to the
TGA data The approximately 15% difference in weight loss, compared to
unmodified silica, is directly related to the degree of APTES modification of the gel.
With the TGA weight loss profiles, the silanol and APTES in the silica gels can be
guantified and the loading densities calculated, assuming homogenous distribution
with a surface area of 1250 m?/g-SiO, determined from the surface area of
supercritical dried GA-N-CSMG (see Table 2-2). The results are summarized in
Table 2-3 with the loading expressed based on the amount of residua SIO,, sample

weight remaining at the end of TGA, to alow for comparisons.

Table 2-3 Quantity of silanol and amino groups as deter mined by TGA.
L oading L oading Density
(mmol/g SiO,) (pmol/m?)

Functional Group

Silanol (Si — OH) 4.54 3.63
Amino (APTES) 3.64 291
Glutaraldehyde 7.54 6.03
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The loading densities of silanol and APTES indicate that a large fraction of
the active surface area has been amino-modified (approximately 80%) with this sol-
gel protocol. Also, with an APTES footprint of 50 A% (Vansant, van der Voort et al.
1995), the surface loading of 3.64 mmol/g SIO, is amost 88% of the maximum

theoretical APTES loading of 4.16 mmol/g SIO, (see Equation 5).

9 2
APTES,, =1250.m xlmolecuzlex (1>< 10 an) « 100(33mmo|
989 " 50nm 1m 6.02x10% molecul es

(5
APTES, _, =4.16-mm

9S0,

Table 2-4 Typical loadings of APTESin silica gelsin (a) two-step and (b) co-condensation
processes.

Precur sor APTES L oading Reference
(mmol/g)
Silica® 1.7 (Etienne and Walcarius 2003)
Silica® 2.0 (Yokoi, Yoshitake et al. 2004)
TEOS 5.3 (Sartori, Bigi et al. 2004)
TEOS 1.7 (Huh, Wiench et al. 2003)

Some of the typical loadings of APTES in silica gels made by the post-
modification and co-condensation methods are shown in Table 2-4. The N-CSMG
amino loading of 3.6 mmol/g is significantly higher than most published results and
should show improved capacity for enzyme immobilization.

While the TGA data shows an APTES loading of 3.64 mmol/g SIO,, the
glutaraldehyde loading is more than twice this amount at 7.54 mmol/g SIO,. This
higher loading is likely due to the presence of polymerization between glutaraldehyde

molecules (Aso and Aito 1962; Overberger, Ishida et a. 1962; Rasmusse.Ke and
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Albrecht.J 1974). Dinitrosalicylic acid was used to determine the presence of the
aldehyde groups by their reducing power (Miller 1959) according to a standard curve
(see Appendix A-3). The measured reducing power of GA-N-CSMG is equivalent to
3.12 = 0.5 mmol glutaraldehyde per gram of GA-N-CSMG.

Confocal fluorescence microscopy (Olympus FV-500 with a HeNeG laser)
was used to image the fluorescence of the Schiff-base formed when glutaraldehyde
reacts with the N-CSMG surface. As seen in Figure 2-9, the Schiff-base is
homogenously distributed throughout the GA-N-CSMG particles indicating both an
even distribution of the amino surface modification and the glutaraldehyde
crosslinker. A homogenous distribution of the reactive groups is important in

achieving a good distribution of the immobilized enzyme and it also maximizes the

immobilized activity by taking advantage of alarger surface areafor immobilization.

Figure 2-9. Confocal fluorescence microcopy image showing the homogenous Schiff-base
distribution of GA-N-CSM G. The fluorescence image is to the left and the bright-field image in the
center. Theimageto the right is a superimposition of the first two images. Scale bar = 100 um.

2.5.3 Scanning Electron Microscopy
Scanning electron microscopy (SEM) allows the visualization of materials at

very high magnifications. Depending on the instrument and materials properties, it is
capable of providing resolutions down to the nanometer scale and is used to obtain

images of agel’ s pore structure.
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Figure 2-10 Visualization of N-CSM G mor phology by SEM under low and high magnification.

SEM images of N-CSMG dried with supercritical CO, in Figure 2-10 show
that the material contains a distribution of pore sizes with the largest pores greater
than 30 nm in size. Also seen is the rough surface texture which provides the high
surface area.

In the following chapters, we will discuss how the properties of N-CSMG
materia are ideal for enzyme immobilization (Chapter 3) and provide the results of

invertase (Chapter 4) and thermolysin (Chapter 5) immobilization.
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Chapter 3: Enzymes

With new enzymes being discovered and even developed by genetic
technologies, many fine chemicals and pharmaceutical products will likely be
produced by biological reactions. A recent example is the synthesis of
phenylglycidate ester (Stinson 2000). The traditional method starting from a Darzens
reaction of methyl chloroacetate took eight steps, six isolations of solid substances,
and two vacuum distillations; resulted in 15% overall yield; and would have needed
50 weeks to make the 19 kg desired at a cost of $90,000 per kg. Dow Contract
Manufacturing Services devised a two-step process involving enzyme-catalyzed
hydrolysis of the methyl ester in 28% overal yield to make 19 kg in 14 weeks at a
cost of $25,000 per kg. The high-value commercial opportunities are considerable for
the immobilization of novel enzymes.

Furthermore, the proposed technology has plenty of room for additional
innovations. The surface modification scheme developed here can be used for
attaching many other biological entities such as antibodies and many target-specific
groups (Wang, Narang et al. 1993; Zuhlke, Knopp et a. 1995). A series of
microorganism or cells can aso be encapsulated within a surface-modified structure
to perform functions other than catalysis (Branyik, Kuncova et al. 1998; Bergogne,
Fennouh et al. 2000; Carturan, Dal Toso et a. 2004).

3.1 A short history of enzymes
Enzymes had been used for thousands of years without a clear understanding

of their nature. The first records of enzyme use involve the production of cheese
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from the stomach linings of calves, which contain chymosin. Apparently ancient
travelers used to carry milk in pouches made from sheep stomach. The action of
chymosin, a coagulating enzyme present in the stomach which induces gelation of the
protein casein, changed the milk to curd and whey. The gel is cut and drained to
remove the whey and the remaining solid, the curd, pressed to produce cheese. This
process was first detailed by the Romans who brought it into Europe (EUFIC 2004).

It was not until the 1800s that the nature of enzymes was understood.
Kirchhoff saw in 1814 that a component of wheat was capable of producing sugar
from starch. Then in 1833, Payen and Persoz obtained a malt extract — amylase,
which hydrolyzed starch into sugar. Dubonfout, in 1846, saw the activity of invertase
and Berthelot observed the same activity in an alcohol precipitate from yeast. It was
not until 1878 that the word enzyme, meaning “in ferment”, was proposed by Kihne.
And in 1893, Ostwald first classified enzymes as a catal yst.

The next leap in the understanding of enzymes came in 1894 when Emil
Fischer first proposed the “lock-and-key” theory to explain the specificity of
enzymes. In 1913, Michaelis and Menton published theoretical work on enzyme
kinetics (Michaelis and Menton 1913) that led to the development of the Michadlis-
Menton equation, discussed in Section 3.2.2 . The protein nature of enzymes was
first shown by Sumner through the crystallization of urease from jack bean (Sumner
1926). In 1967, the 3-D structure of an enzyme, lysozyme, was determined by X-ray

crystalography (Blake, Johnson et al. 1967; Blake, Mair et al. 1967; Phillips 1967).
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3.2 Enzymes as catalysts
Proteins are heteropolymers constructed from 20 different amino acids, as the

monomer units, linked together by peptide bonds. They vary dramatically in size,
with the smallest often called peptides, and are the mgor functional molecules of life.
Enzymes are speciaized proteins which are able to catalyze reactions with a very
high substrate and product specificity. They occur widely in animals, plants, yeast,
bacteria, and fungi. Based on the reaction catalyzed, al enzymes can be placed into
six basic groups. hydrolases, isomerases, ligases, lyases, oxidoreductases, and
transferases. According to the recommendations of the International Union of
Biochemistry and Molecular Biology (IUBMB), each enzyme is assigned to an
enzyme class (EC 1 — 6) based on the reaction catalyzed (M oss 2004).

Oxidoreductases (EC 1) catalyze oxido-reductions with the oxidized substrate
considered to be an electron donor. This class of enzymes is further divided into 22
sub-classes based on the function group (e.g. sulfur, aldehyde, heme, etc.) acted upon.
The transferases (EC 2) are named for their ability to transfer groups from a donor
compound to an acceptor compound. They are further separated into nine sub-classes
according to the group transferred.

The third class of enzymes, the hydrolases (EC 3), catalyzes the hydrolysis of
various bondsincluding C— O, C—N, and C — C bonds. Depending on the bond that
is hydrolyzed, hydrolases are further divided into 13 sub-classes. Hydrolases, at
approximately 80% of all industrially used enzymes, are the most abundant in
industrial processes — used mainly in food processing (Krishna 2002). Invertase (EC

3.2.1.26), also known as B-D-Fructofuranoside fructohydrolase, and thermolysin (EC
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3.4.24.27), or Thermophilic-bacterial protease, are both hydrolases that will be
discussed further in Chapters 4 and 5, respectively.

Lyases (EC 4), which make up the fourth enzyme class, catalyze the cleavage
of various bonds by means other than hydrolysis or oxidation. They are separated
into seven sub-classes depending on the bond cleaved. Lyases are often caled
“synthase” when the reverse reaction is the more desirable. The fifth enzyme class,
isomerases (EC 5) with six sub-classes, contains enzymes which are able to catalyze
changes within a single molecule. Some of these enzymes change molecular
geometry while other transfer groups from one position in the molecule to another.
The final class of enzymes, also with six sub-classes, is the ligases (EC 6). These
enzymes catalyze the joining of two molecules along with the hydrolysis of ATP
diphosphate bonds.

It is this vast variety in function that makes enzymes attractive for many
industrial processes. More than 4300 enzymes have been classified by IUBMB, as of

July 2004, but the vast majority present in natureis yet to be characterized.

3.2.1 Thermodynamics of enzyme catalysis
Although many reactions in biochemistry are thermodynamically favored and

occur spontaneously, the rate of reaction can be very slow. Many of these reactions
are under kinetic control and require an input of energy to proceed. This can be
explained clearly in terms of free energy. The thermodynamics of a reaction is
described in terms of the change in free energy (AG), change in enthalpy (AH), and
changein entropy (AS) according to Equation 6.

AG = AH -TAS (6)
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Thermodynamics tells us that a reaction is spontaneous only if AG is negative.
From Equation 6 we can see that any exothermic reaction, -AH, will alwaysresult in a
spontaneous process, -AG. An endothermic reaction is spontaneous only if TAS is
greater than AH. In Figure 3-1 we show a system that is exothermic and, therefore,
spontaneous. However, there are many reactions with a similar profile which do not
proceed at a significant rate. One example is the oxidation of glucose to produce
carbon dioxide and water (AG =~ -2900 kJmol). Although this reaction is

spontaneous, glucose is quite stable because the reaction is kinetically slow.

AG *, Free energy of
activation

AG #, Activation

Substrate energy w ith enzyme

Free energy, G

AG , Free energy
released

v
Product

Reaction progress

Figure 3-1 Freeenergy of activation of uncatalyzed and catalyzed reactions.

In order for the reaction to progress from substrate to product, it must cross an

energy barrier corresponding with an unstable transition state. The energy required to
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cross this barrier is caled the free energy of activation, or activation energy (AG).
According to transition state theory, the rate constant of a reaction, k, is exponentially
and inversely related to the free energy of activation (7). The rate of reaction can be
increased by two methods: increase temperature to increase substrate free energy;
and lower the activation energy. Enzymes increase the reaction rates by lowering the

energy of activation.

K = ke T e—AG%T
h

ks = Boltzmann constant, h = Planck’s constant, R = gas constant, and T = temperature

(7)

It must be noted that, although enzymes increase reaction rates, enzymes do
not affect the equilibrium of the reaction. Take for example the hydrolysis of sucrose
(S) to glucose (G) and fructose (F) by invertase:

S«——>G+F

Invertase

The reaction equilibrium can be written, with respect to the concentrations, as

Because the enzyme reduces the activation barrier for both the forward and reverse
reactions, the overall equilibrium is unaffected but the system does reach equilibrium
more rapidly.
3.2.2 Michaelis-Menten Kinetics

Michaglis-Menten kinetics is one way to describe the rate of production in an
enzyme catalyzed reaction. Let us derive the Michadlis-Menten equation by

considering the following reaction:

E+S_ " ES—= >E+P ©)

k1
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The MichaelisMenten derivation assumes that the substrate is present in much
greater excess than the enzyme ([§>>[E]). This is often true because of the high
catalytic efficiency of enzymes. A second assumption is that the forward reaction
rate of product formation, ks, IS much greater than the reverse of product depletion.
Also, since the enzyme concentration is conserved through the reaction, the enzyme
concentration balance is written as,

[E,]=[E]+[ES]
[Eq] = enzyme introduced to system; [E] = free enzyme;
[ES] = enzyme-substrate complex

(10)

We also write the rate equation for the change in product concentration with time,

d[P] _
e Kea[ES] (11)

A steady-state approximation for the rate of change in the enzyme-substrate complex
concentration can also be written,

dls]

e k [E]lS]- k., [ES]- ke |ES] ~0 (12)

This equation can be rearranged to obtain,

[E]lS] _kitka <.

|ES| K, (13)
Solving (13) for [E] and substituting into equation (10) and rearranging gives,
E, IS
e - B8 ”

Ky +[s]
This is finally substituted into equation (11) to obtain the Michaglis-Menten rate

equation,
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As seen in Figure 3-2, the Michadlis-Menten equation follows saturation
kinetics in terms of the substrate concentration. At very low concentrations, the rate
of reaction increases linearly with increasing substrate concentration. As the
substrate concentration is further increased, the reaction rate goes toward a limiting
maximum value, Viax. The substrate concentration, [§, at which the reaction rate is

one-half of Vi is caled the Michadlis constant, Ky.

K M \ :Vmax = kcat[EO]

-«

K, [s]

Figure 3-2. Plot of reaction rate, v, against substrate concentration, [S], for a reaction obeying
Michaelis-M enten kinetics.

Both of the MichadlisMenten kinetics parameters, Ky and Vi, were

determined for free and immobilized invertase to provide some insight into the effect
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immobilization on N-CSMG has on enzyme activity. In addition, the cataytic
efficiency of the enzyme is determined by the ratio ViadKw.
3.3 Immobilization of Enzymes

Invertase, which hydrolyzes sucrose into glucose and fructose, was the first
enzyme to be used commercialy in immobilized form during World War Il when
sulfuric acid, used in the traditional process, was unavailable (Cheetham 1995).
Although enzyme immobilization has been performed for over 50 years, its use in
industrial processes has been limited due to high enzyme cost and limited enzyme
stability and specificity.

Recent developments have made the use of enzymes in industrial processes
much more feasible (lkehata, Buchanan et a. 2004). Advancements in
biocengineering have allowed for the over-expression of selected enzymes in
fermentations and, coupled with improved purification techniques, lowered the cost
of enzymes (Kim, Kang et al. 2004; Koizumi 2004). In addition, the developmentsin
protein engineering and advanced screening techniques have introduced a large
variety of designed enzymes. providing greater selection for the improvement of
particular reactions (Selber, Tjerneld et al. 2004). Most recently, the development of
non-aqueous enzymatic processes has drawn interests from many groups due to
improved product and enzyme recovery (Gupta 1992; Braco 1995; Krishna 2002).

Today there are some examples of enzymes in industrial processes, some of
which are listed in Table 3-1. Universal Oil Products (UOP) has successfully used
immobilized glucose isomerase in the production of high fructose syrups. The high

demand for semi-synthetic antibiotics has led to the use of immobilized penicillin
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amidohydrolase, and severa other enzymes, for the production of the precursor 6-

Aminopencillanic acid (6-APA).

Table 3-1. Someenzymesin industrial applications.
Scale

Enzyme Substrate Product (tonslyear) Company
Glucose isomerase Glucose Fructose >10° UOP
Per_1|C|II|n Penicillin 6—Am|nop_enC|IIan|c 1,000 DSM
amidohydrolase acid
Lipase Triglycerides Cocoa butter >10° Unilever
Aspartic acid Fumaricacid | | -Aspaticacid | 1,000 | DSM
ammonialyase
Subtilisin carlsberg -- (9-Phenylalanine -- Coca-Cola

Immobilization of enzymes involves certain costs associated with the cost of
materias (e.g. polymer matrix, cross-linkers) and processing time. The two major
driving concerns in an industrial scale process are to lower the unit cost and to
increase the unit production per fixed time. Immobilization becomes economically
feasible only if it allows the repetitive use of enzyme in multiple batches to reduce the
unit production cost. Further, immobilized-enzyme beads can be packed into a bed or
a column for continuous flow-through reactions, if applicable, to reduce costs
associated with otherwise labor intensive processes. Such a reactor aso simplifies
the separation of enzyme from product: alleviating some down-stream processing
costs.

The appropriate immobilization matrix is chosen based on several different
properties which affect the production process (Tischer and Wedekind 1999):

= Surface area and porosity: It is desirable to have materials with high
surface areas (> 100 m?/g), for high enzyme loadings, and high

porosity to provide enzyme access for the substrate. Pore sizes >30
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nm are idea for the diffusion of enzymes during the immobilization
process.

Surface functional groups: The degree of enzyme loading onto a
carrier matrix also depends on the loading density of functional groups
on the surface and its distribution. Choice of functional groups also
affects the activity yield and material stability.

Mechanical and chemica stability: Many immobilized enzyme
operations are conducted as a stirred-tank or packed-bed reactor. To
prevent enzyme loss, the matrix integrity must be maintained under the
shear-stresses or back-pressures present in these reactors. In addition
the matrix must be resistant to chemical degradations which will also
result in the loss of enzyme.

Size and shape: To simplify handling of the immobilized enzyme (i.e.
stirring, filtration) it is ideal to have particles of uniform shape and
size. For thisreason, the use of a uniform spherical matrix is preferred
and also results in the reduction of back-pressures in column reactors.
In addition, spherical particles are also more easily characterized for
modeling purposes.

Microbial resistance. A major concern of any immobilized enzyme
process is the presence of microbes. The durability of the carrier is
often determined by its resistance to microbia degradation.
Hydrophobic/hydrophilic nature:  The compatibility of the support

with the liquid phase is important to insure the free exchange of
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substrate and product between the matrix and bulk phase. It can also
determine the life-time of the matrix due to the surface adsorption of
materials through non-specific interactions.

Immobilization allows the enzyme to be used in a continuous-flow mode
which provides severa benefits. 1) continuous removal of products from the reactor,
which can be beneficial for systems that suffer from product inhibition; 2) product
separation through column retention, reducing the burdens for downstream
purification by affinity columns; and 3) increased enzyme stability will allow the

enzyme to maintain activity for longer periods of use and in more extreme conditions.

3.3.1 Methods of enzyme immobilization
Enzyme immobilization, the restriction mobility, can be accomplished in a

variety of ways, by entrapment, cross-linking, or physical attachment (Tischer and
Kasche 1999). Enzyme entrapment is accomplished through the polymerization of a
matrix from a solution containing both the monomer and enzyme. As shown in
Figure 3-3a, entrapment results in the physical entrapment of enzymes within a cage-
like matrix. Enzyme entrapment generally does not involve any modification of the
enzyme and therefore may not adversely affect activity. However, this method can be
susceptible to leaching of enzymes out of the matrix by diffusion when pore

diameters are larger than the enzyme.



Figure 3-3 Methods of enzyme immobilization include a) entrapment, b) crosslinking, and
physical attachment by c) adsor ption, d) ionic interaction, and €) covalent binding.

Cross-linking, which involves the attachment of enzymes to each other (see
Figure 3-3b), is another method used to immobilize enzymes (Tyagi and Gupta 1998).
However, in many cases the extensive interactions required, whether e ectrostatic,
chemical, or physical in nature, tend to significantly reduce enzyme activity by
hindering formation of the enzyme's optimum folding conformation. In addition,
because the material properties are governed by the enzyme, which is the major
component in the cross-linked beads, mechanical strength can be fairly low: limiting
the cross-linked enzymes to low system pressure reactors.

The physical attachment of enzymes to a solid matrix, by adsorption, ionic, or
covalent interaction (see Figure 3-3c, d, and e, respectively), provides severa
advantages compared to entrapment and crosslinking. Due to the stronger
interactions with the matrix, physical attachment provides greater material stability
against leaching when compared to entrapment. However, if the immobilization is

accomplished by adsorption or ionic interactions, leaching may still occur depending
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on system conditions (i.e. pH, temperature, and solution ionic strength). The covalent
attachment of enzymes to the matrix is preferred because of its inherent stability.
Covaent immobilization is accomplished through the binding of reactive groups on
the enzyme with a chemically-active surface. Covaently immobilized enzymes can
be used in a variety of reaction environments with no significant increase in leaching
due to the strong binding. However, the strong binding may also inhibit enzyme
movement and thus reduce its activity by preventing conformational changes.

Enzymes are composed from a selection of 20 different amino acids with the
majority of these acids having relatively inert side chains composed of hydrocarbons.
However, as seen in Figure 3-4, nine of the amino acids have chemicaly active
functional groups (i.e. amino, thiol, hydroxyl) on their side chains. The configuration
of an enzyme is determined by the interaction of these side groups among themselves
and with the environment (eg disulfide binding, amide bonds, and
hydrophobic/hydrophilic interactions). It is also through these interactions that
enzymes can be attached to a solid surface.

Although the thiol group of cysteine isthe more potent nucleophile, the amino
groups are the more important target because of their relative abundance in proteins.
Additionally, sulfhydryl groups are generally found in pairs that form disulfide bonds
and have some influence on protein structure. Modification of these sulfide bonds
may have detrimental effects on enzyme activity. Therefore, the preferred binding

site isthe amino residue on lysine side chains (Tischer and Wedekind 1999).
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Figure 3-4 Amino acidswith chemically active side chains.

Many enzyme immobilization techniques involve Sy2-type, nucleophilic
substitution reactions. A typical enzyme immobilization system can consist of four
different parts: the matrix; a surface modifying agent, if the matrix does not posses
reactive functional groups; a cross-linking agent, which attaches the enzyme to the
matrix; and, the enzyme. An ideal situation would allow immobilization to occur by
simply mixing al matrix and reactive precursors together with the enzyme.
Polymerization of the matrix would then allow for enzyme immobilization at high
loadings and even distribution. This is not possible in the vast mgjority of cases
because non-specific interactions between the reactive groups can result in the

formation of undesirable bonds.
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3-aminopropyltriethoxysilane Glutaraldelayuie
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Figure 3-5. Commonly used silica gel modifying, organosilane agents and enzyme cr oss-linkers.

Severa of the surface modifying silane agents and cross-linkers available for
the immobilization of enzymes on silica gels are shown in Figure 3-5. A commonly
used cross-linking agent, which reacts with amino groups, is the homo-bifunctional
molecule - glutaraldehyde. The adehyde reacts with amine groups to produce

imines, or Schiff-bases, as shown in Figure 3-6.

NH2 + OWO — OWN\CH + HZO
3
H*, heat

Figure 3-6. Reaction of glutaraldehyde with a primary amine.

H,C™

In the presence of enzyme and an amino-modified surface, glutaraldehyde can
immobilize the enzyme by attaching to an enzyme amino group with one hand and to
the amino surface with the other (see Figure 3-3e). However, if each species were in
solution prior to matrix formation, the non-specific nature of the aldehyde reaction
will create cross-linked enzymes (Figure 3-3b) and also the cross-linking of two
amino groups on the surface modifying agent. In addition, the interaction of enzymes

with small, reactive molecules can lead to enzyme deactivation (Tischer and
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Wedekind 1999). Although a “one-pot” process is preferable, a serial processing
method, by introducing the reactive groups one at atime, is used because it minimizes

these side-reactions.

3.3.2 Immobilization of enzymes on silica gels
A variety of matrixes have been used as carriers of immobilized enzymes.

Many of these carriers fall under the category of “soft gels’ because of their low
mechanical strength. Silica gels offer a number of advantages over these “soft gels’
for use in industrial processes. Silica’s higher mechanical strength allows a much
wider range of operating pressures as evidenced by their preferential use in High
Performance Liquid Chromatography (HPLC) (Majors 2003; Cabrera 2004; Xu, Feng
et a. 2004). Additionaly, silica aso has relatively higher therma and chemical
stabilities, except at extreme pH which is rarely experienced in enzymatic reactions,
and is resistant to microbial degradation (Nefedov 1992; Pang, Qiu et al. 2002).
Silica gels aso provide high surface areas and high porosity which can be used to
increase enzyme loadings and accessibility.

An array of functionally active proteins and other biological entities, including
catalytic antibodies, antigens, live cells, and plant spores have been encapsulated by
sol-gel silicaand its hybrids. A thorough review paper provides a clear picture of the
current status of the bioencapsulation technology (Gill and Ballesteros 2000).
According to the review, significant advantages of silica encapsulation are: excellent
optical and mechanical properties, high resistance to (biological, chemical, and

thermal) degradation, simple fabrication, enhanced activities, long and stable shelf
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life, and application versatilities. However, this review aso highlights some
substantial hurdles for future technology development. These hurdles include:
= |dentificantion of biocompatible precursors/protocols to prevent
denaturation during encapsulation;
= Shrinkage and pore collapse during xerogel formation; and
= Porosity and mechanical stability improvement.

Covalent immobilization of enzymes, including onto silica surfaces, has been
done for a number of years (Weetall 1993). These methods commonly involve the
use of pre-fabricated silica gels that have chemically inactive surfaces (Hossain and
Do 1985). The gel surface must be activated, with strong acids, to produce the
reactive surface hydroxyl groups. The activated surface is then modified with silane
couple reagents, such as aminopropyltriethoxy-silane (APTES), which link functional
groups (e.g. amino) to the silica surface via siloxane bonds (Moreno and Sinisterra
1994). The cross-linking agent (e.g. glutaraldehyde) is then introduced to react with
the modified surface and finally the enzyme is added. In addition to being process
intensive, these methods have been limited to relatively low enzyme loadings.

Since pre-fabricated silica gels are used, they depend upon diffusion for
introduction of the surface modifying agent, cross-linking agent, and the enzyme into
the gel interior. A problem that arises, particularly when attempting to obtain a high
loading, is the blockage of pores by the diffusing species (Pizarro, FernandezTorroba
et al. 1997; Baruque, Baruque et a. 2001). Naturally, reactions first occur on the gels

outer surface and at pore entrances. At high loadings, the buildup of enzymes at pore
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entrances can effectively clog the pore preventing further immobilization in the
interior regions.

In this work, much higher invertase loadings have been achieved in
comparison to previously published results. Immobilization of enzymes onto a matrix
requires compatibilization of the enzyme in the presence of all precursors. To test the
retention of enzymatic activity, alpha-amylase, an enzyme that hydrolyzes starch, was
entrapped within a silica matrix. Alpha-amylase, in 100 mM acetate buffer (pH 7),
was mixed into the silicic acid and the silicic acid quickly gelled to form a cage
around the a-amylase, entrapping the enzyme. Enzyme activity was followed with
the use of an iodine solution which, in coordination with starch molecules, resultsin a
distinct blue color. Asthe starch is hydrolyzed, its ability to coordinate with iodine is
hampered reducing the color intensity. The starch concentration can be determined
through spectroscopic absorbance measurements at a wavelength of 620 nm
according to the standard curve (see Appendix A-1). To two 10 g/L starch solutions,
8.4 mg of amylase was added in free and entrapped form. As seen by the plot in
Figure 3-7, enzymatic activity of a-amylase was retained after entrapment. Although
the hydrolysis action of the entrapped enzyme is delayed due to diffusion effects, both
the free and entrapped enzymes show a similar maximum activity indicating that

entrapment by sol-gel silicaresulted in no significant activity loss of the enzyme.
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Figure 3-7. Comparison of starch hydrolysis by alpha-amylase entrapped within silica gel.

A leaching test was done to determine the degree of enzyme that entered into
solution. Two equal amounts of the enzyme-entrapped gel were tested using slightly
different recipes. In the first test, the entrapped gel was added to a buffered starch
solution and the starch concentration measured over time. In the second “leaching”
test, the entrapped gel was added to a buffer solution (no starch) and stirred for a
period of one hour. At this time, the gel was removed from the buffer and a starch
solution added to the buffer. Starch hydrolysis would then proceed if any enzyme
had leached out of the gel. The two data sets show very similar behavior and so
indicate that much of the enzyme activity of the entrapped gel is obtained through
leaching of the enzyme. This makes sense, intuitively, considering the much greater
size of starch molecules as compared to the enzyme; the enzymes encounter a smaller

resistance to diffusion than starch. No activity was retained by the silica gel.
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Although the leaching of enzymes would invalidate this system for use in industrial
production processes, it can be of considerable value in applications where a
controlled-leaching rate would be desirable (e.g. controlled drug rel ease).

3.4 Characterization of immobilized enzymes

A number of measures, such as the rate of reaction, are used to determine the
success of immobilization methods. The rate of reaction is proportiona to the
enzyme concentration or loading, as mentioned earlier, and also to the enzyme
activity. Increased reaction rates would imply that either the system has a high
loading of immobilized enzymes or that immobilization has increased enzymatic
activity, both of which are desirable. Another measure would be the enzyme's
reusability. This would involve the measurement of enzyme activity in repeated
batch experiments. Immobilization systems that are able to maintain activity over
many batches have greater value that those which lose activity.

In addition to the above measurements, the enzyme system’s activity must be
characterized over varying pH and temperatures. Enzymes typicaly show maximum
activity at a particular pH and temperature with drop-offs on either side of the
maximum. These maximums do not necessarily correspond to the maximums of the
free enzymes. The immobilization of enzymes can have dlight or drastic effects on
enzyme conformation, shifting the activity maximum. These curves are used to

determine the optimum operating conditions.
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Chapter 4: Immobilization of Invertase

Invertase is a highly used enzyme in the food industry for the production of
sweeteners used in beverages, jams, and as artificial honey (Cheetham 1995). As an
enzyme, invertase catalyzes cleaving of the a-1,4 glycosidic bonds of sucrose to
produce glucose and fructose (Khobragade and Chandel 2002) by the following
reaction:

Sucrose+ H,O ->» Glucose + Fructose

Invertase has a molecular weight of 270 kDa (Lampen 1971; Kupcu, Sara et al. 1991)
and an isoelectric point between 3.4 — 4.4 (Righetti and Caravaggio 1976). No co-
factors are required for activation of invertase while its activity is inhibited by the
presence of iodine, Ag", Zn*", and Hg** (Lampen 1971; Goldstein and Lampen 1975;
Huttl, Oehlschlager et a. 1999). Invertase is a multimeric enzyme with a minimum
active state as a dimer but it also exists as larger multimers under certain pH and
concentration conditions (Torres, Mateo et al. 2002).

Invertase has been immobilized on a number of carriers including
methacrylate-based polymers (Bayramoglu, Akgol et al. 2003; Cirpan, Alkan et al.
2003), Sepabeads (Torres, Mateo et a. 2002), celite and polyacrylamide (Mansour
and Dawoud 2003), menthyl ester (Kiralp, Toppare et a. 2003), organosilanes
(Airoldi and Monteiro 2003), and agarose (Fuentes, Maquiese et a. 2004), just to

name afew.



The invertase-sucrose system was chosen as an ideal model to study the
immobilization capacity of the GA-N-CSMG material. The product formation is
followed using the 3,5-dinitrosalicylic acid (DNS) method (Miller 1959). Unlike
sucrose, glucose and fructose are both reducing sugars. The reduction of DNS by
glucose and fructose results in a color change which can be measured
spectraphotometrically to determine the product concentration.

4.1 Materials and Methods

Materials. Invertase (Grade V1) from baker’s yeast, glutaraldehyde (25 wt.
% in water), (3-aminopropyl)triethoxysilane (min. 98%), and sucrose were purchased
from Sigma-Aldrich and used as supplied. Sodium silicate (“N” type) was purchased
from PQ Corporation, PA. All other reagents were of analytical grade.

Synthesis of amino-chemically surface modified gel (N-CSMG). Silicic
acid was produced from sodium silicate using an ion-exchange process developed at
ISTN, Inc. The ion-exchange, accomplished with anionic Amberlite resin,
exchanges sodium ions for hydrogen to produce a low ionic strength, silica sol with
reactive silanol groups ( - Si-OH). Formation of N-CSMG was done by addition of
ethanol and 3-aminopropyltriethoxy-silane (APTES) to the silicic acid. Addition of
the basic APTES to silicic acid increases the solution pH and induces the gelation.
Gelation occurs through the condensation of silanol groups. Co-condensation
between silica sol and APTES produces silica gels with amino surface modification.
The monolithic gel was mechanically broken into particles of 11um average diameter
(range of 7 — 38 um) as measured on a CEDEX particle size analyzer with a 40 um

measurement limit. The particles were washed with ethanol, vacuum filtered, and
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washed extensively with deionized water. The final filtered gel was stored at 7°C
until used for a maximum of 2 weeks.

Glutaraldehyde (GA) activation of N-CSMG to produce glutaraldehyde-
activated silica gel (Ga-N-CSMG). To activate N-CSMG with glutaraldehyde, the
gel was suspended in glutaraldehyde solution at aratio of 20 mL solution per gram N-
CSMG. The suspension was magnetically stirred at room temperature for 24 hours.
Then, the suspension was vacuum filtered, to remove the GA solution, and washed
extensively with deionized water. The final filtered gel was stored at 7°C until use.

Immobilization of invertase on Ga-N-CSMG. To immobilize invertase,
500 mg of Ga-N-CSMG was weighed into a 50 mL centrifuge vial. Then, 20 mL of
invertase, in 50 mM acetate buffer at pH 4.5, was introduced to the vial and the
suspension magnetically stirred at 7°C for a minimum of 48 hours. The suspension
was then centrifuged at 10,0009 for 10 minutes and the supernatant removed.

The invertase-immobilized gel was washed three times with 20 mL of 100
mM acetate buffer (pH 4.5) and centrifuged between each wash. Three washes were
found to be adequate for removal of non-immobilized enzymes, through activity
measurement of the supernatants, as shown in Figure 4-1. The final wash was carried
out for 4 days with vigorous stirring and less than one percent of the initial activity
remained in the supernatant. This indicates that the immobilization method is stable
and no significant leaching has occurred. The washed gel was suspended in 20 mL of

100 mM acetate (pH 4.5) and stored at 7°C until use.
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Figure 4-1. Invertase activity in supernatant after succesive washing of gel with buffer solution.
The first bar indicates the enzyme activity of the invertase solution added to GA-N-CSMG for
immobilization. After 3 washing cycles, only 1 percent of the initial activity remained in the
supernatant.

Determination of Enzyme Activity. Invertase activity was determined by
monitoring the hydrolysis of 30 mL 50 g/L sucrosein 50 mM buffer in amagnetically
stirred, thermostatized vessel. The activity was measured by the dinitrosalicylic acid
(DNS) method (Miller 1959). At various times, 500 pL of reaction solution were
withdrawn and introduced to 5 mL of 10 g/L DNS solutions which stopped the
reaction. The sample vials were capped and heated in boiling water for 30 minutes
prior to addition of 1 mL sodium tartrate (40 wt. %) to stabilize the color.
Absorbance was measured at 575 nm on a Gilford Response spectrophotometer and
the glucose concentration determined by comparison with a standard curve (see
Appendix A-2). Glucose concentration is plotted against time and invertase activity
determined from the reaction profile as the initia activity. Enzyme activity is
expressed in units per gram (U/g) where a unit is defined as the production of 1
umole glucose product per minute (umole/minute). All activity tests were conducted

in triplicate.
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Optimization of glutaraldehyde concentration. The optimum
glutaraldehyde concentration was determined by adding 20 mL of glutaraldehyde and
one gram N-CSMG (wet weight) to a 50 mL centrifuge vial. After alowing the
reaction to take place for 24 hours at room temperature, the gel was thoroughly
washed with deionized water. To 500 mg of each sample, 20 mL of 2 g/L invertase
in 50mM acetate (pH 4.5) is added and immobilization is allowed to take place at 7
°C for 48 hours. The gel is then washed severa times, suspended in 100 mM acetate
buffer (pH 4.5), and measured for invertase activity a room temperature.
Glutaraldehyde concentration was varied from 0 to 10 weight percent.

Optimization of invertase concentration. The optimum concentration for
immobilization of invertase was determined by adding 20 mL of buffered, invertase
solution to 500 mg of the optimized GA-N-CSMG. Invertase concentration was
varied from O to 20 g/L.

4.2 Results and Discussion

Compared with other sol-gel processes that start directly from colloidal silica,
this process using silicic acid (Si(OH),) starts with a much lower ionic strength. The
low content of charges is critical to the modification reaction because of improved
solubility for the organic ligand components. The freshly prepared silicic acid (silica
sol) is composed of silica particles with very small particle size (2 - 10 nm) and, thus,
a very large surface area and plenty of active silanol groups. A silane coupling
reagent may be used to incorporate ligand groups on the particle surface. This

modified silica sol can be gelled quickly with an adjustment of pH.
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Compared to other methods, this process differs in the following categories:
(1) lonic strength and alcohol contents can be easily controlled to enhance the
miscibility; (2) Composition - much higher loading; (3) Morphology - open channels
connecting micro- and mesopores; (4) Adsorption — high efficiency: majority of the
loaded ligands are accessible; (5) Processing — high efficiency: significantly reduced
processing time; (6) Solvent systems for processing - environmentally benign

solvents.

4.2.1 Characterization of N-CSMG material
As determined by thermogravimetric analysis, our N-CSMG material contains

afunctional group loading of approximately 3.6 mmol amino per gram of silica. This
loading is significantly higher than the 1.0 mmol/g loading of commercially available
products (e.g. Sigma-Aldrich #364258) and allows for much higher loadings of
protein. In order to covalently immobilize enzymes on the N-CSMG, the amino-
modified silica is first activated with glutaraldehyde and then, after extensive
washing, added to a buffered enzyme solution. Each of these immobilization steps
were optimized by using invertase, a well studied enzyme that hydrolyzes the
disaccharide sucrose into glucose and fructose.

One advantage that nanoporous silica materials provide, compared to other
immobilization matrices, is a high surface area. The surface area of the optimized
GaN-CSMG was determined using BET analysis based on nitrogen adsorption on a
Quantachrome Nova (Model 1200). Silica based materials experience a significant
amount of shrinkage upon drying which would aso affect the surface area. One

method, developed initially by Steve Kistler, isto use supercritical drying to avoid the

59



liquid/vapor interface which causes the shrinkage. Supercritical CO, was used to dry
the optimized Ga-N-CSMG materia prior to surface area analysis. This treatment
allowed us to obtain a truer surface area measurement of the material in its wet state.
After outgassing, under vacuum for 2 hours a 100°C, the surface area of the

optimized Ga-N-CSM G was measured at approximately 650 m%/g.

4.2.2 Optimization of glutaraldehyde concentration
Glutaraldehyde is a common crosslinker used to activate supports with

aldehyde functionality. This homobifunctional molecule can react with the amino
groups located along the silica surface. Idealy the second aldehyde on each
crosslinker molecule will then be available for reacting with amino groups present on

protein molecules —immobilizing the protein to the silica surface.
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Figure4-2. Immobilized activity after activation of N-CSM G with glutaraldehyde solutions of
varying concentrations. The error bars indicate the standard deviation from the average of at least
three results.
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Figure 4-2 shows that when the amino-modified silicais activated with 20 mL
of glutaraldehyde solution per gram of wet silica gel, no significant increase in
immobilized enzyme activity is seen with increasing glutaraldehyde concentrations
up to 10%. The lowest, non-zero, glutaraldehyde concentration studied was a 0.31
weight percent solution. The lack of significant variation of immobilized activity
seen with even the lowest concentration is likely due to the relative abundance of
glutaraldehyde in solution compared to available amino groups on the silica surface.
A 20 mL volume of the 0.31% (w/w) solution contains approximately 0.625 mmols
glutaraldehyde while a gram of wet N-CSMG, with a dry weight of 90 mg, contains
approximately 0.35 mmols of amino groups. Even with this low glutaraldehyde
concentration, there is approximately a 1.8 molar ratio of glutaraldehyde to surface
amino groups. Increasing the glutaraldehyde concentration further had no effect on
the immobilized activity because the system was already over saturated. A 2.5 wt.%
glutaraldehyde solution was used in further studies for activation of the silica gel.

It is interesting to note that N-CSMG untreated with glutaraldehyde yields a
relative immobilized activity of approximately 32 percent. This immobilization may
occur through the formation of a salt-bridge between the basic, amino-modified
surface and acidic side-chains of aspartic or glutamic acid; a well established
interaction seen in proteins (King, Hansen et al. 1991; Dunten, Sahintoth et al. 1993;

Sapse, Rothchild et al. 2002).

4.2.3 Optimization of I nvertase concentration
The optimum invertase solution concentration for immobilization was

determined by varying it between 0 to 20 g/L. For each concentration, 20 mL of
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invertase solution (in 50 mM acetate, pH 4.5) was added to 500 mg (wet weight) of

glutaraldehyde-activated N-CSMG gdl (GA-N-CSMG).
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Figure 4-3. Relativeimmobilized activity (m) and immobilization efficiency (e) variation with
invertase solution concentration. Therelative activity plateauswith a 10 g/L invertase solution.

As shown in Figure 4-3, the optimum immobilized activity was achieved with
a 10 g/L invertase solution concentration and no further increase in immobilized
activity seen with higher enzyme concentrations. However the immobilization
efficiency, obtained by a ratio of activity immobilized to the activity in the original
enzyme solution, was only 23% when using 20 mL of a 10 g/L invertase solution with
500 mg of wet glutaraldehyde-activated N-CSMG. The immobilization was further
optimized by varying the volume of the 10 g/L invertase solution between 1 and 20
mL and the results are shown in Figure 4-4. A solution volume of 10 mL yielded the
maximum immobilization efficiency of 71% and provided 90% of the maximum

immobilized activity, which was obtained with 20 mL of 10 g/L invertase solution.
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All further immobilization of invertase onto GA-N-CSMG was done using 500 mg of

wet, glutaraldehyde-activated gel with 10 mL of a 10 g/L enzyme solution.
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Figure 4-4. Optimization of 10 g/L invertase solution volume yielded a maximum immobilization
efficiency (o) of 71% and relativeimmabilized activity (m) of 90% at an enzyme solution volume
of 10 mL.

4.2.4 Effect of pH on ivertase activity
Variation of pH can have a significant effect on enzyme stability with most

enzymes showing a strong dependence of activity on pH. The pH-dependant activity
profiles of both the immobilized and free invertase were determined a room
temperature with a 50 g/L sucrose solution in 50 mM buffer. An acetate buffer was
used for pHs 4, 4.5, and 5; phosphate buffer was used for pHs 2, 3, 6 and 7. The pH-
dependent activity profiles of both free and immobilized invertase are shown in
Figure 4-5. Free invertase showed maximum activity a pH 5.0 while the
immobilized invertase was most active at pH 4.0. A possible explanation for the shift

in pH is that the enzyme experiences alocal pH which is greater than that of the bulk
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solution because of the basic-functionalized silica surface. With ionic surface groups,
like the amino group, there is an uneven distribution of hydrogen ions between the
surface and bulk solution (Chaplin and Bucke 1992; Shuler and Kargi 1992). A
higher local pH for the immobilized invertase would also explain the greater loss in
activity seen, compared to free invertase, at pH greater than 4.5. It is also possible
that immobilization has resulted in a conformational change which, while active,

resultsin a higher invertase activity at alower pH.
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Figure 4-5. Activity profiles of free (m) and immobilized (o) invertase with pH variation.

4.2.5 Effect of temperature on invertase activity
The effect of temperature on both free and immobilized invertase activity was

determined by measuring the hydrolysis of sucrose at temperatures ranging from 25-
75°C. A 50 g/L sucrose solution, buffered with 50 mM acetate at pH 4.5, was used

for activity determination. Both the immobilized and free enzymes show a very
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similar temperature profile as seen in Figure 4-6. This indicates that immobilization
of invertase on GA-N-CSMG does not significantly alter the enzyme's temperature

stability.
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Figure 4-6. Effect of temperatureon initial activities of free (m) and immobilized (e) invertase.

In Figure 4-7, the same data is plotted on an Arrhenius plot which provides a
relation between the log of enzyme activity and inverse temperature. At the lower
temperatures (T), higher inverse temperatures (T), the plot is linear as enzymatic
activity increases with increasing temperature. As the temperature is increased
further enzyme denaturization occurs and a corresponding drop in enzymatic activity
is observed. The dlope of the ling, in the region where temperature dependent
denaturization does not occur, is used to determine the activation energy of the

enzyme mediated reaction using Equation (16).
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Ink=InA-—=2 (16)
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Figure 4-7. Arrhenius plot of immobilized (e) and free (m) invertase activity, Ln(Units per
gram), as a function of inverse temperature.

Table4-1. Comparison of activation energy and pre-exponential factor of free and immaobilized
invertase.

Activation Energy | Pre-exponential factor
(kJ/mal) (U/g protein)
Free invertase 31.3+31 245+ 12
Immobilized 254+15 22.3+0.6

The immobilized enzyme shows a decreased energy of activation at 25.4
kJmol compared to 31.3 kJ/mol for free invertase. Literature studies have indicated
that a decrease in activation energy can be correlated to intraparticle diffusion of the

substrate (Miyamoto, Fujii et a. 1973). The appearance of activation energy

diffusion effects, for immobilization of invertase on GA-N-CSMG, is an indication

that the immobilization is occurring within a porous matrix. In the case of a
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nonporous matrix, activation energies of the free and immobilized enzyme would be
in closer agreement with each other (Bahar and Tuncel 2002). The pre-exponential
factor, also caled the frequency factor, is proportional to the probability of a collision
resulting in a substrate to product reaction. As seen in Table 4-1, this factor is very
similar for both the immobilized and free invertase.
4.2.6 Michaelis-Menten kinetic parameters

The MichadlisMenten kinetic parameters of both free and immobilized
invertase were determined by measuring the initial reaction rates at various initia
substrate concentrations. For this set of experiments, the initial sucrose concentration
was varied between 8 wt % and 50 wt% with the pH fixed at 4.5 and temperature at
45 °C. A Lineweaver-Burk plot, shown in Figure 4-8, was used to determine V max

and K, using Equation (17).
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Figure 4-8. Lineweaver-Burk plot of changein theinitial activity of free (m) and immaobilized (o)
invertase as a function of substrate concentration.

67



1

max = intercept

N an
K = slope
™ intercept

The quantity K., is a measure of the stability of the ES complex or, in other
words, enzyme affinity for its substrate. As seen in Table 4-2, the immobilized
invertase exhibited a higher affinity for sucrose (lower K, gives a larger Ky;2) than
free invertase while the maximum reaction rate, Vmax, 1S decreased compared to that
of the free enzyme. A catalytic efficiency, which is the ratio of Vy to Ky, was
calculated to be similar for both the immobilized and free invertase. The dlight
increase in substrate affinity is able to compensate for a decreased Vmax for
immobilized invertase, providing a catalytic efficiency equal to that of the free

enzyme.

Table4-2. Michaelis-M enten kinetic parameter of free and immobilized invertase.
V max Km Catalytic Efficiency
(U/mg) (mol/L) (Vmad Kim)

Free (8.2+1.0) x10° | (8.0+ 1.0)x10%| (1.0+0.2) x10*

Immobilized | (6.0 + 0.6) x10° | (5.4 + 0.7) x10? | (1.1 + 0.2) x10"

The efficiency factor, n, can be calculated from the reaction rates of the

immobilized and free invertase,

V.
n — __immob — 073 (18)

Vfree
where vimmop 1S the reaction rate of the immobilized invertase and vie that of free
invertase. GA-N-CSMG gives an efficiency factor of 0.73 for the immobilization of

invertase. It has been shown that as the effectiveness factor, aratio of immobilized to

68



free enzyme activity, decreases below unity, the activation energy measured
approached the arithmetic mean of the activation energies of diffusion and reaction
(De Whalley 1964).

There are several reasons that can explain the difference in behavior of the
free and immobilized invertase. First, the immobilized invertase is located in an
environment that is quite different from the environment of free enzyme in the bulk
solution. The dependence of immobilized invertase on diffusion of substrate into the
matrix interior is also quite different from free invertase, which interacts freely with
the bulk solution. In addition, the attachment of invertase to GA-N-CSMG likely
causes some change in conformation. A conformational change may explain why the
Km of immobilized invertase is only 67 percent that of the free. In this instance,
immobilization of invertase actually increases its substrate affinity. Most cases show
a decrease in substrate affinity due to conformation changes (Bahar and Tuncel

2002).

4.2.7 FTIR analysis of invertase immobilization
Infrared spectra were used to verify the immobilization procedure. Shown in

Figure 4-9 are spectra obtained for unmodified silica gel, N-CSMG, GA-N-CSMG,
and the immobilized invertase. As expected, C-H stretching vibration frequency is
seen at 2936 cm™ for all spectra except the silica gel with contributions from the
organosilane, glutaraldehyde, and the enzyme (Monteiro and Airoldi 1999; Airoldi
and Monteiro 2000). The corresponding simple bending vibrations occur at 1407 cm
! for the GA-N-CSMG and immobilized invertase spectra. Free aldehyde presence is

seen on GA-N-CSMG at 1718 cm™ and does not appear in any other spectra. The
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amine-glutaraldehyde reaction produces an imine N=C bond, Schiff-base, seen at
1647 cm™ while an ethylenic C=C bond formed by resonance stabilization of the
imine appears at 1563 cm™ (Airoldi and Monteiro 2003). Associated with Si-O-Si

bonds are the bands appearing in the range 1050-1070 cm™ (Coates 2000).

Transmitance

4000 3600 3200 2800 2400 2000 1600 1200 800 400
cm-1

Figure4-9. FTIR analysis of a) unmodified silica gel, b) N-CSM G, ¢) GA-N-CSM G, d)
immobilized invertase, and €) freeinvertase.

4.2.8 Thermogravimetric analysis (TGA) of immobilized invertase loading
TGA analysis was used to verify the high enzyme loadings indicated by the

observed immobilized activity. Figure 4-10 shows the TGA profiles obtained for
silica (silicic acid gelled without surface modification), N-CSMG (amino-modified
silica), GA-N-CSMG (N-CSMG activated with glutaraldehyde), and the immobilized
invertase (invertase immobilized onto GA-N-CSMG). As the reactor temperature is

increased organic groups within the silica gel are vaporized and carried away on a
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stream of air. The final residual weight is a measure of the abundance of silicon
dioxide (SIOy).
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Figure 4-10. Thermogravimetric profiles for silica gel without modification (—Silica), amino-

modified silica (—N-CSMG), glutaraldehyde-activated silica (—Ga-N-CSMG) and invertase-
immobilized silica (—).

Loading (g/g SiO;) of the various groups can be determined, by comparison of
the residual weights, and the molar loading is determined, with the known molecular
weights, as provided in Table 4-3. TGA has confirmed that the N-CSMG is able to
achieve a very high loading of invertase with a maximum loading of 1.39 grams
invertase per gram of SIO,. This invertase loading corresponds to a loading of 723

mg invertase per gram of GA-N-CSMG.
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Table 4-3. Functional group and invertaseloading of silica gel asdetermined by TGA.
L oading
g/g SiO, | mmol/g SO,

Silanol 8.18 x 10 454

Amino 0.212 3.64
Glutaraldehyde 0.634 754

Invertase 1.39 52x 107

The invertase loading obtained with the GA-N-CSMG is significantly greater
than other published results. A comparison of the GA-N-CSMG loading with various
other materials is shown in Table 4-4. With a loading of 723 mg/g matrix, GA-N-
CSMG is able to immobilize a three-fold greater weight of invertase than the material
with the next highest loading — lactam-amide graft polymer with 225 mg/g. The
lactam-amide graft polymer exhibited only a 15 percent retention of enzyme activity.
GA-N-CSMG, with an immobilized invertase activity of 340.9 + 8.8 U/mg protein
and 345.4 + 11.6 U/mg protein for free invertase, provides almost 99 percent recovery

of enzymatic activity.

Table 4-4. Comparison of invertase immobilization loading and the retained activity of GA-N-
CSM G with other materials.

Invertase Retained
Carrier L oading activity Reference
(mg /g matrix) (%)
GA-N-CSMG 723 98.7+4.1
. _ (Airoldi and Monteiro
Organosilane 351 2003)
Sepabeads -- 90 (Mateo, Torres et a. 2003)
. B (Gomez and Villalonga
Pectin 57 2000)
Celite 3 92 (Mansour and Dawoud
Polyacrylamide 10 81 2003)
E%(Sp'cr"oromethy'ayre”e) 19 80 (Bahar and Tuncel 2002)
Lactam-amide graft copolymer 225 15 (De Quel rcz)éb\zl)argas etal.
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The efficiency of immobilization on GA-N-CSMG can aso be analyzed by
determining the degree of surface coverage. The Stokes radii of proteins is
determined from sedimentation experiments and the Stokes-Einstein equation
(Gosting 1956)

KT
6znD

(19)

where a is the Stokes radius in A, k is the Boltzmann constant, T is the absolute
temperature, n is the viscosity, and D is the diffusion coefficient. Uversky generated
a cdlibration curve for the dependence of a protein’s Stokes radius on the molecular
weight based on published results (Uversky 1993)

log(Rs ) = —(0.254 + 0.002) + (0.369 + 0.001) log(MW ) (20)
where Rgs is the Stokes radius in A and MW is the protein molecular weight in
Daltons. Applying this equation to the 270 kDa invertase and 649 m%g GA-N-
CSMG, a loading efficiency based on surface coverage can be determined. The
results presented in Table 4-5 assume that the invertase preparation used for

immobilization is 100% pure.

Table 4-5. Surface coverage efficiency GA-N-CSM G sur face coverage efficiency by invertase
immobilization.

Molecular Weight 270,000 Da
Stokes radius 5.63 nm
Molecular footprint 99.4 nm’
GA-N-CSMG surface area 649 m’/g
Theoretical loading per g GA-N-CSMG | 2.93 g/g
Actual loading per g GA-N-CSMG 0.723 glg
Loading efficiency 24.7 %

Although a relatively high loading of invertase has been accomplished

compared to other published results, thereis still considerable room for improvement.
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Based on the molecular footprint, calculated from the Stokes radius, and the measured
surface area, a theoretical maximum loading of 2.93 grams invertase per gram GA-N-
CSMG isachievable. The obtained loading of 0.723 g/g GA-N-CSMG isless than 25
percent of the theoretical maximum. Likely reasons for the low loading efficiency are
the inaccessibility to surface areas by the enzyme due to the presence of small,
micropores and the blockage of pore entrances (Raman, Ward et al. 1993; Baruque,

Baruque et al. 2001).

Table 4-6. Comparison of GA-N-CSM G-immobilized invertase activity with various other
matrix materials.

Particlesize Activity

Matrix (um) (Ulg matrix) Temp, pH, [T Reference
GA-N-CSMG 7-200 246,000 | 45°C, pH 4.5, 0.146 M
Corn grits 100 — 200 36,000 | 40°C, pH 45, 0.400 M | (Monsan, Combes et
al. 1984)

Porous silica -- 11,500 45°C, pH 4.5, 0.146 M (Vicente 2000)

Aminopropyl silica - 3700 | 45°C,pH 45,0146M | (RO \Zlégf)r)‘te etal.
o (Mansfeld and

Polystyrene 300 3050 | 25°C,pH45,0146M | o e o)

Magnetic silica 2045 469 55°C, pH 4.5,0.202 M | (CO€Z 1%”1")"”0' etal.

Table 4-6 provides a comparison of immobilized activities of GA-N-CSMG
with some published results under similar reaction conditions. The highest activity
seen in literature for immobilized invertase is 36,000 U/g for immobilization on corn
stover (Monsan, Combes et al. 1984), aresult almost seven-fold lower than that of the

GA-N-CSMG. For a silica-based matrix, the highest activity in literature is 11,500
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U/g (Vicente 2000), again significantly lower than that obtained using the N-CSMG

material.

4.2.9 SEM analysis of GA-N-CSMG after invertase immobilization
Visualization of N-CSMG before and after glutaraldehyde treatment, and after

invertase immobilization, shows the evolution of the particle morphology with the
processing steps as seen in the SEM images of Figure 4-11. The surface
modifications, combined with effects of the mechanica stirring used, creates silica
particles with a rougher appearance and finer particle size. A significant change in
appearance is seen in moving from the N-CSMG to invertase immobilization. While
the N-CSMG has a smooth surface on the micron scale, the immobilized invertase
material shows significant porosity. This is likely created through the breaking of
GA-N-CSMG into finer particles, by mechanical stirring, and then interacting to form
into clusters. These interactions may occur between aldehyde groups of different
particles or through the immobilization of a signal enzyme on two different silica
particles. The end result is a materia that is not only mesoporous, but also contains
larger pores that would increase the rate of diffusion, of substrate and product, to and

from the immobilized enzyme, respectively.
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Figure4-11. SEM images of (a) N- CSMG (b) GA-N-CSMG, and (c) Iow and (d) hlgh
magnification of GA-N-CSM G-immobilized invertase.

4.3 Conclusions
Using ISTN’'s N-CSMG protocol and optimized immobilization steps,

immobilized invertase activities of more than 246,000 U/g of GA-N-CSMG have
been achieved with a 50 g/L substrate concentration (pH 4.5, 45 °C). This is a
significant increase in immobilized activity when compared to published results.
TGA analysis has confirmed the high loading of invertase at 0.723g invertase per
gram GA-N-CSMG. While the weight of invertase immobilized is significantly
improved compared to other published results, it is still less than 25 percent of the
theoretical maximum based on the enzyme's Stokes radius. Also, the immobilized
invertase exhibited a maximum reaction rate, Vimax, Only 73 percent of free invertase,
an increase in substrate affinity, Kn,*, compensated for this and no significant

differencein catalytic efficiency is seen.
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The vastly improved immobilization of enzymes on GA-N-CSMG would
provide a significant advantage in many processes. In the next chapter we discuss a
bioreactor fabricated, with the immobilization of the enzyme thermolysin on GA-N-

CSMG, for the production of a pharmaceutical product.
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Chapter 5: Production of Low Molecular Weight Protamine

5.1 Background
Protamine is commonly used clinically as an antagonist to heparin, an

anticoagulant. However, protamine has been shown to induce some adverse reactions
in patients, including some fatalities due to cardiac arrest (Horrow 1985; Horrow
1985; Weiss, Nyhan et al. 1989). The discovery of specific sequences within larger
protein molecules which are accountable for the transduction abilities of proteins
could potentially have significant implications for a broad range of biomedical
applications.

Recently, Professor Victor Yang and his research group at the University of
Michigan reported the development of low molecular weight protamine (LMWP)
fragments as nontoxic substitutes for protamine in clinical heparin neutralization
(Chang, Lee et al. 2001; Chang, Liang et a. 2001; Lee, Chang et a. 2001). These
LMWP peptides, which display a high arginine fraction in their amino acid
compositions, retain the ability to neutralize heparin yet have significantly less
toxicity in vivo (Liang, Zhen et al. 2003). LMWP has aso been shown to be equally
potent, as protamine, in neutralization of low molecular weight heparins (LMWH),
but with the benefit of markedly reduced toxicity. In addition, LMWP can be used to
enable the sustained release of protein drugs such as insulin (Park, Liang et a. 2003).
Sustained release systems for insulin are currently available in a complex form with
protamine. However, when it is replaced with low molecular weight protamine, an

extended release can be obtained since the cationic charge density in one molecule of
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peptide is higher than in protamine, which leads to a more compact complex
formation with insulin.

LMWP peptides have exhibited a significantly reduced level of
immunogenecity and antigenicity, which are the two principa events of protamine-
induced immunotoxicity (Chang, Lee et a. 2001; Chang, Liang et a. 2001; Lee,
Chang et al. 2001). Furthermore, researchers from the Industrial Science &
Technology Network, Inc. (ISTN), in collaboration with Professor Yang's group,
discovered that LMWP was almost equally potent as TAT in mediating cell
translocation of any attached species (Park, Liang et al. 2003). Low molecular weight
protamine carries significant structural similarities to the protein transduction domain
(PTD) of HIV-TAT protein. PTDs are small basic peptides that have been used to
translocate proteins, polynucleotides, and even nanoparticles through cell membranes
(Console, Marty et a. 2003). Hybridization with the TAT peptide has alowed the
trandocation of a variety of biologically active species, including liposomes
(Torchilin, Rammohan et a. 2001), proteins (Futaki, Nakase et al. 2002), peptides,
DNA (Torchilin, Levchenko et al. 2003) and nanoparticles (Futaki, Nakase et al.
2002). Poor cell uptake of active drugs has been one factor for insufficient treatment
efficacy, especially against tumors (Schuster, Garg et a. 1991; Iznaga-Escobar,
Mishra et a. 2004). LMWP, much like TAT, can ferry those active agents into
various target cells and improve their therapeutic efficacies. Also, as a small peptide,
LMWP itself could have tremendous benefits for drug therapy, as small peptides
normally possess improved bioavailability compared to large protein drugs (Carriere,

Neves et a. 2001). Because of all these benefits in therapeutic treatments, the
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commercia potential of LMWP in biomedicine is remarkably promising. Drug
delivery and heparin neutralization are two markets that provide immediate and clear
commercialization opportunities for LMWP. According to Frost and Sullivan, the
drug delivery market is expected to grow from $19 billion in 2000 to $41 billion in
2007 (Challener 2003).

An advantage of using LMWP as transmembrane carrier is its easier
production and lower cost. Production of LMWP is achieved by thermolysin-
catalyzed digestion of native protamine. For the production of such bioactive
compounds, an enzyme-mediated reaction is often preferred over a chemica
synthesis route because of its simplicities, selectivity, and specificity, as well as its
moderate reaction conditions. Furthermore, the immobilization of thermolysin onto a
nanoporous support will alow for continuous flow production of LMWP.

The enzymatic digestion of native protamine yields a series of LMWP species.
The current preparation method utilizes a heparin affinity column to separate LMWP
into five fractions termed TDSP1 to TDSP5 (see Figure 5-1), according to the
ascending order of their elution ionic strength which correlates with an ascending
order in arginine units ranging from 5 to 10. Literature evidence indicates a
correlation between the number of arginine units in the peptide sequence to cell
membrane transduction ability with an optimum value from 6 tol5 arginine units
(Henry 2003). Indeed, work by Futaki et. a. clearly indicated the effect of the length
of arginine chain on the cell internalization (Futaki, Suzuki et al. 2001). In their
work, peptides composed of even number (4—-16) residues of arginine were prepared

and tested. The Gly-Cys-amide segment was attached to their C termini for
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fluorescein labeling. Considerable difference was recognized on the translocation
efficiency and intracellular localization among these peptides. R4 showed extremely
low translocation activity while R6 and R8 exhibited the maximum internalization
and accumulation in the nucleus. The degree of internalization decreased as the chain
length was further increased. It has been proposed that the uptake of arginine-rich
peptide is mediated by the guanidine head group in the arginine through the formation
of a hydrogen bond between arginine and lipid phosphate in the membrane (Calnan,
Tidor et a. 1991; Wender, Mitchell et al. 2000; Futaki, Suzuki et al. 2001). The five
LMWP groups, TDSP1-5, contain arginine units of 4, 5, 6, 9, and 10, respectively.

In this work, a continuous flow reactor using thermolysin immobilized on
nanoporous silica was developed for the production of TDSP5.  Enzyme
encapsulation or immobilization has been commonly utilized for easy removal from a
reaction, dispersion into insoluble liquid medium, and stabilization under various
environments. By using a nanoporous silica support, the pore morphology, surface
ligand groups, and the inherent large surface area can be exploited to achieve high
enzyme loadings and, therefore, a reactor of high enzymatic activity can be

developed.

5.1.1 Advantage of using thermolysin for preparation of LMWP
Conventional peptide synthesis uses the standard (9-fluorenylmethyl)

chloroformate (Fmoc) solid-phase chemistry. This chemical synthesis, however,
generates a heterogeneous peptide mixture which requires extensive purification. In
addition, especially for producing highly polar (basic or acidic) peptides, the

synthesis employs the additional steps of protecting and deprotecting of inhibitory
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functional groups of amino acid (for example, capping the guanidyl group in
arginine), which substantially increases the risk of heterogeneity in the final product.
In contrast, the thermolysin digestion method in our approach has the common
enzyme-substrate specificity, and therefore, can produce consistent peptide sequences
with simplicity and of high quality. Prepared peptides sequences can then be
separated and purified by routine heparin-affinity chromatography. The most
significant advantage of the LMWP system would be the production of peptides in
mass quantities unachievable by conventional peptide synthesis methods.

Protamine digestion can be accomplished using free thermolysin. A 10
mg/mL protamine solution, buffered at pH 7.5 by 50 mM TRIS/HCI, is incubated at
37 °C with 1% (w/w) thermolysin and 2mM calcium chloride. The digestion is
adlowed to proceed for 30 minutes and then stopped by addition of
ethylenediaminetetraacetic acid (EDTA) and cooling in an ice bath. The desired

peptide is then obtained by standard purification methods.

5.1.2 Purification and recovery of LMWP
The option of integrating both reaction and separation into one flow reactor is

the primary benefit of NEED. Whenever possible, the pore surface of the silica
support should be modified with ligands that have a high affinity to the reactants, but
not to the product. Such a preferred retention of reactants will achieve the product
separation and at the same time increase yield. Such an ideal scenario is difficult to
achieve with the protamine digestion reaction because the only differences between
the reactant and product species are their molecular weights and, correspondingly,

variations in charge.
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LMWP purification is done with the use of HiTrap Heparin columns from
Amersham Biosciences which have approximately 10 mg heparin/mL gel, according
to product specifications. Heparin, which is negatively charged, absorbs the
positively charged protamine and its digested fragments. As mentioned earlier,
protamine shows high affinity for heparin binding. The digested fragments, which
have dlight differences in size and charge density, show varying binding strengths
with the heparin column. When eluted using a sodium chloride concentration
gradient, the various fragments are released at different ionic strengths and can thus
be separated from each other. After recovery of the peptide (TDSPS), the solution
must be desalted by either ultra-filtration or dialysis. Diaysis typically requires the
treatment of a given sample volume with approximately 1,000 times its volume in
buffer over a period of 24 to 48 hours.

Prior to this work, LMWP purification was done using a 5 mL HiTrap
Heprain column containing a total of approximately 50 mg heparin. The column was
placed between two Alltech 526 HPLC Pumps and a Linear UVIS 200 detector
equipped with a flow-through cell. A 1 mL sample loop was connected to a 2-
position, 6-port sample injector. The HPLC system was connected to a PeakSimple
Chromatography Data System (Model 202) and the data analyzed by PeakSimple
software.

LMWP was purified by diluting 0.2 mL of the digested protamine solution
with deionized water to 1 mL and loading this solution into the sample loop. Then,
the salt gradient and data collection were initiated by switching the sample injector

from the “LOAD” to “INJECT” position. Figure 5-1 shows the elution profile
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obtained by this set-up. The peak labeled “TDSP5” is the desired fragment and is
obtained at yields of less than 0.4 mg per cycle. Any further mention of LMWP will

specificaly refer to the TDSP5 fragment.
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Figure5-1. Elution profile of protamine fragmentsusing a heparin column and NaCl gradient.
The elution profile was obtained at an absorbance wavelength of 215 nm. Solution flow rate was 1.5
mL per minute with a5 mL heparin column. The sample loading was 1 mL of a2.2 mg digest/mL.
Buffer A was 50 mM TRIS/HCI (pH 7.5) and Buffer B was 50 mM TRIS/HCI/2 M NaCl (pH 7.5).

The resolution between two peaks of a chromatogram is often used as a
measure of the separation efficiency, as shown in Figure 5-2. Peak widths, W; and
W, are determined at the intersection of the base line with lines tangent to the curve
at the inflection point. The elution volumes, V1 and V5, are the solution volumes that
pass through the column from the time of sample injection to the time at which the
peaks elute from the column. A resolution of 1.0 indicates that 98% purity has been

achieved at 98% peak recovery. At Rs = 1.5, 100% purity and recovery is obtained.
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Figure5-2. Determination of peak resolution (Ry) from elution profiles.

The peak resolution for the purification of LMWP is determined by looking at
peaks TDSP4 and TDSP5. Figure 5-3 shows a magnification of the TDSP4 and
TDSP5 elution profiles from Figure 5-1. Since the peptide of interest is TDSP5, the
efficiency of the purification will be determined by the obtained peak resolution
between TDSP5 and the closely eluting TDSP4. Purification of LMWP with a
HiTrap heparin column and the salt gradient shown in Figure 5-1 gives a peak

resolution of:

_2(v,-V,) _ 2(34.87-32.68)min 1.5mL/min
(W, +w,) (2.90+2.48)min 1.5mL/min

R, =081 (21)
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Figure5-3. Determination of peak resolution for LM WP purification by alinear salt gradient.

This peak resolution of 0.81 yields a TDSP5 product of only 95.8% purity at a
recovery of 96.7 percent, as determined through integration of the area between peak
profiles and the base line. This purity of less than 96 percent is very low considering
that the product is intended for pharmaceutical use. Therapeutic drugs are required in
many cases to be 99.997% pure (Wheelwright 1991). In order to scae-up the
production of LMWP, the peak resolution must first be improved to provide higher
purity and yield.

Assuming that the peaks follow a Gaussian distribution, the peak resolution is

proportional to the product of three terms, the selectivity (@), efficiency(N), and a

capacity factor (k'), asfollows:

10[—1m k'

R =3

22
4 « 1+K' (22)
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The capacity factor is a measure of the degree of retardation of a component; a
higher capacity factor corresponds to greater retention. The capacity factor of the n"

component is determined by the elution volume(V, ) and total mobile phase volumein
the chromatography column (Vt) as shown in Equation (23). When V, is unknown,

the component capacity factor is proportional to the elution volumeV,, .

(23)

In the peak resolution equation (22), k' is an average of the component capacity
factors of the peaks in interest. This capacity factor is not the same as the column
loading capacity.

In a chromatogram, selectivity is a measure of the separation between two
peaks with good selectivity providing a greater separation. As shown in Equation
(24), selectivity is determined as a ratio of the capacity factors of two components.
This equation is approximately equal to a ratio of the component elution volumes

when V, isunknown.

(24)

The third factor of the peak resolution equation (22) is the efficiency (N).

Thisterm is a measure of the number of theoretical plates for a column and provides a
guantification of peak broadening caused by diffusion within the column. The

efficiency is calculated from the component elution volume,V,, and peak width, w,,

as shown in Equation (25).
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The requirements of high purity and high recovery, for this valuable peptide,
necessitate a process with high resolution and high selectivity. The optimization of
LMWP production was accomplished by looking at two aspects of the process. 1) the
chromatographic scheme and 2) sample preparation. The following section of this
chapter details the optimization and scale-up of LMWP purification.

5.2 Optimization and Scale-up of LMWP Purification

Optimization of LMWP purification was done using a Pharmacia LKB Fast
Performance Liquid Chromatography (FPLC) System. This system consisted of a
UV-M 11 detector, two P-500 pumps, LCC-501 Plus Controller, FRAC-100 fraction
collector, aMV-7 motor valve, and REC102 recorder. The system was also equipped
with a 50 mL Superloop loading column from Amersham Biosciences. The column
was filled with free thermolysin, digested protamine solution. Switching the MV-7
motor valve from the LOAD to INJECT position directs buffer flow into the top of
the column. This forces a moveable piston in the column downward which pushes
the sample solution into the chromatography column. Elution profiles were recorded
at awavelength of 214 nm.

The first step in optimization the purification of LMWP isto improve the peak
resolution between the TDSP4 and TDSP5 components. As shown in the previous
section of this chapter, the resolution between two peaks is dependant on the
selectivity (24), efficiency (25), and capacity factor (23) of the process. Each of these

factors is related to the component elution volumes as shown by their respective
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equations. Modification of the salt gradient is one method of affecting a change in
the elution volumes. At lower salt concentrations, the elution volume is increased
and this also increases the selectivity, efficiency, and capacity factors.

Figure 5-4 shows a sample of the elution profiles obtained during optimization
of the process. The selectivity, efficiency, and capacity factors determined from these
profiles are given in Table 5-1. Compared to the other profiles, the optimized profile,
in Figure 5-4d, shows a significantly higher selectivity (k') and improved efficiency;
this accounts for the improvement in peak resolution (Rs > 2). For comparison, a

peak resolution of 1.5 provides 100 percent peak purity and recovery.

Table5-1. Peak resolution (R,) as determined from elution profilesthat wer e obtained with
varying salt gradients.

Capacity Peak
Elution Selectivity Efficiency factor resolution
Profile (k") (a) (N) (Ry)
Figure 5-4a 34.1 11 1777 0.95
Figure 5-4b 32.3 12 502 0.99
Figure 5-4c 41.3 15 182 1.2
Figure 5-4d 179 1.6 621 2.2

During process optimization, in addition to peak resolution, it is aso
important to consider the sample loading and cycle time; higher sample loadings and
shorter cycle times result in increased production rates. Previous to this study,
LMWP purification was accomplished using 0.2 mL sample volume and an 80
minute cycle time. The optimized profile purifies 5 mL of sample with a 60 minute
cycle time - yielding greater than 30 times increased productivity per minute. The

optimized profile is aso functional for continuous operation as shown in Figure 5-5.
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b) 40%, c) 35%, and d) 33% salt concentration.
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5.3 Immobilization of thermolysin on nanoporous silica
As mentioned earlier, a number of methods have been developed for peptide

synthesis. Growth in the areas of protein synthesis and genetic engineering has
resulted in the need for more efficient methods of separation and purification.
Although synthesis methods, such as solid phase synthesis using t-Bloc or F-moc
strategies have improved considerably, the reaction products are still composed of
various sequences which must be separated from the desired product. This is
especialy true for therapeutic peptides that must meet stringent purity requirements.
Although these methods can be used to prepare highly specific sequences, they are
process intensive and limited in terms of large-scale production. Using thermolysin
to hydrolyze protamine into peptide fragments, however, can be applied on a large
scaleto produce LMWP.

As mentioned in Chapter 4, the immobilization of invertase on silica gels has
shown significantly improved immobilized activity in comparison with published
results. This know-how, developed from invertase immobilization, was applied to the
immobilization of thermolysin. Thermolysin immobilization was accomplished by
adding a 2 ¢g/L thermolysin solution, buffered with TRIS/HCl a pH 7, to
glutaraldehyde-activated silicagel. After extensive washings, the pH and temperature
dependent profiles of free and immobilized thermolysin were determined.

Thermolysin activity was measured colormetrically using an azocasein
(Sigma-Aldrich, Catalogue Number A-2765) substrate. This substrate consists of
casein modified with a dye, which upon hydrolysis of the protein becomes soluble.
Free and immobilized thermolysin were incubated with 4 mL of 5 wt. % azocasein.

To determine the extent of reaction, 500 uL of 15% trichloroacetic acid (TCA) was
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added to a 1 mL diquot of the reaction solution. Addition of TCA induces the
precipitation of undigested azocasein; the substrate becomes insoluble at low pH.
The precipitate is removed from solution by centrifugation at 12,000g for 5 minutes.
Enzymatic activity is then proportional to the dye remaining in solution; measured at

awavel ength of 440 nm.

5.3.1 Effect of pH on the activity of immobilized thermolysin
The pH-dependant activity profiles of both the immobilized and free

thermolysin were determined at 37 °C with a 0.5 wt. % azocasein solution in 50 mM
buffer. An acetate buffer was used for pH 5; phosphate buffer was used for pH 6;

TRIS/HCI was used for pH 7 and 8; and, TRIS/NaOH was used for pH 9.
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Figure5-6. Relative activity profiles of free and immobilized thermolysin asa function of pH.
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The pH activity profiles for free and immobilized thermolysin are shown in
Figure 5-6. Both the free and immobilized thermolysin show a maximum activity at
pH 7. Thereis arapid drop-off in activity as the pH is changed away from neutral.
The immobilized thermolysin follows a similar activity drop-off, as the free enzyme,
for pH greater than 7. However at lower pH, the drop in immobilized thermolysin

activity is significantly lower than that of the free enzyme.

5.3.2 Effect of temperature on the activity of immobilized thermolysin.
The effect of temperature on both free and immobilized thermolysin activity

was determined by measuring the hydrolysis of azocasein at temperatures ranging
from 25-85 °C. A 0.5 wt. % azocasein solution, buffered with 50 mM TRISHCI at
pH 7, was used for activity determination. The substrate solution, 4 mL, was
incubated in a temperature-controlled, circulating water bath (Precision, Cat. No.
51221039) for 10 minutes before addition of thermolysin. The extent of reaction was
followed over time and the enzyme activity determined.

As seen in Figure 5-7, both the free and immobilized thermolysin preparations
show increased activity at higher temperatures. Free thermolysin activity appears to
increase only dlightly from 25 to 35 °C. As the temperature in increased further, the
activity increases linearly, a a higher rate, up to 85 °C. The immobilized
thermolysin, on the other hand, shows only a slight increase in activity from 25 to
55°C. Above this temperature, immobilized thermolysin activity increases at a

greater rate and linearly up to 85 °C.
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Figure 5-7. Relative activity profiles for free and immobilized thermolysin as a function of
reaction temperature.

Azocasein was used to show the retention of thermolysin activity after
immobilization on nanoporous silica. The immobilized thermolysin showed a similar
pH activity profile to that of the free enzyme. Although some difference was seen in
the temperature activity profiles, the trends were similar.

5.4 Digestion of protamine by immobilized thermolysin

The immobilized thermolysin activity was also measured for the hydrolysis of
protamine. Immobilized thermolysin was introduced to a 10 mg/mL protamine
solution buffered at pH 7.4 with 50 mM Trig/HCI/2 mM CaCl,. The reaction was
incubated in a 28.5°C water bath for specified times; then placed in ice and EDTA
added to stop the reaction. After filtration with a 0.22 um syringe filter, a sample of

the protamine solution was injected into an HPLC gradient system for separation of
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the individual peptides. The HPLC system was fitted with a 5SmL Hi-Trap Heparin

affinity column.
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Figure 5-8. Elution profiles of protamine fragments digested by immobilized ther molysin with
varying incubation times.
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Hydrolysis of protamine by immobilized thermolysin, in a batch reactor, and
the subsequent formation of smaller peptides, is shown in Figure 5-8. Clearly seenis
the reduction of the protamine peak and development of the TDSP5 peak as the
incubation timeisincreased from O to 40 minutes. The immobilized thermolysin aso
showed good retention of activity with multiple incubations in a protamine solution at
37°C over 40 minutes each. After completion of the reaction, the gel suspension was
centrifuged to separate the immobilized enzyme and the hydrolysis products
determined by heparin affinity. After washing with buffer solution, the immobilized
thermolysin was introduced to a fresh protamine solution and the reaction repeated.
Severa of the HPLC runs are shown in Figure 5-9. The dlight shift of peak position
of thefirst run is dueto adifferenceininitial state of the column and not indicative of

adifference in peptides.
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Figure5-9. Elution profiles obtained from therepeated use of immobilized ther molysin.
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Industrial reactors can be divided into three basic groups: the batch reactor,
plug-flow reactor (PFR) and the continuous-stirred tank reactor (CSTR). Each of
these reactor types offers certain advantages to the process. The batch reactor design
eguation (26) shows that the conversion, X, is a function of the moles of substrate
charged to the reactor, Nao, the reaction rate, ra, the reactor volume, V, and the
reaction time, t. A high conversion can be obtained by increasing the reaction time.

dx
N _
"0 gt

=-r,V (26)

The batch reactor is generally used in small-scale processes, when expensive
products are manufactured, and if a continuous processis unfeasible. While the batch
reactor offers the best control of temperature and mixing, it suffers from down-time,
during product discharging and substrate charging of the reactor, and is also labor
intensive. The residence time of the substrate and enzyme in these reactors is the
same, requiring subsequent separation in order to reuse the catalyst.

A PFR reactor that is filled with catalyst particles, or immobilized enzymes, is
called a packed-bed reactor (PBR). Packed-bed reactors offer the highest conversion
per weight of catalyst of any of the reactors. It operates as a continuous flow process
but temperature can be difficult to control and it is also susceptible to channeling
which reduces efficiency. In a PBR, the residence time of the substrate is much
smaller than that of the enzyme providing the separation of the enzyme and its
continuous use. In addition, PBR reactors provide a more reproducible process than
the batch reactors which may produce products of varying purity from one batch to

the next. The PBR design equation (27) shows that the conversion is afunction of the

reaction rate, ra, the substrate flow rate, Fao, and the catalyst weight, W.
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From the PBR design equation we see that the conversion is a function of the
catalyst weight and reactor volume is only secondary. This illustrates the advantage
of nanoporous silica with high enzyme loadings. As the enzyme loading on the silica
matrix isincreased, the reactor volume can be accordingly reduced.

The use of a PBR for protamine hydrolysis, by thermolysin, has several
advantages. A flow reactor achieves a continuous operation requiring minimum
labor. The flow reaction could be integrated with the separation by an affinity
column to further streamline the separation and purification tasks. In addition thereis
the possibility of full automation with software controlled processes. The optimum
design of such a system obviously requires the integration of several other devices
with the enzyme reactor and involves extensive system engineering. However, the
potential savings in labors and especialy savings in processing time make it a
worthwhile study. In this element of work the performance of the immobilized
thermolysin system in a PBR mode was studied.

Because of the high enzyme loadings achieved, a relatively small reactor is
sufficient to produce achieve the required conversion. A 0.22 um syringe filter
(Fisherbrand, Cat. No. 09-719A) was used to filter-off the immobilized thermolysin
from a buffered suspension; loading approximately 45 mg of silica matrix containing
33 mg of immobilized thermolysin. The filter and immobilized thermolysin make-up

a packed-bed reactor with asmall height to diameter ratio, shown in Figure 5-10.
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Figure 5-10. LMWP Bioreactor: Syringe filter loaded with silica particles containing
immobilized ther molysin.

5.4.1 Production of LMWP using FPLC
The LMWP Bioreactor was fitted onto a Fast Performance Liquid

Chromatography (FPLC) system for the production and purification of LMWP (see
Figure 5-11). Figure 5-12 shows the flow profile of the FPLC system when the

position valveis switched from the LOAD to INJECT position.

§ —

Figure5-11. FPLC System for production and purification of LMWP.
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Figure5-12. FPLC set-up for digestion of protamine by immobilized ther molysin.

With the position valve set at INJECT, the buffer flow from the pump is
directed into the top of the Superloop column. This forces a moveable, water-tight
piston downwards which forces protamine solution out of the column bottom. The
protamine solution flows into the bioreactor, where it is hydrolyzed by the
immobilized thermolysin, and then injected into a HiTrap Heparin column. The
interaction between the protamine fragments and heparin results in the retention of
the peptides within the column. Switching the position valve to the LOAD position
then by-passes the superloop and directs the buffering solution directly into the
chromatography column. A salt gradient is used to elute the peptides with the

solution flowing into a UV detector for detection of the elution profiles.
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Figure 5-13. Elution profile of protamine digested by immobilized thermolysin reactor at 4 °C
with a flow rate of 20 uL/min.

With this FPLC set-up, shown in Figure 5-12, the immobilized thermolysin
reactor comes in contact with only the buffered protamine solution. The elution
buffer, with its high salt content, completely bypasses the reactor. However, as will
be seen in the next section, the enzymatic activity is retained even after exposure of

the bioreactor to a high salt solution.
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The extent of reaction can be controlled through adjustment of the protamine
solution flow rate. Severa protamine injection flow rates were tested and the elution
profiles determined. Even at the low flow rate of 20 pL/min, a significant amount of
native protamine still appears in the elution profile as shown in Figure 5-13. Thisis
not surprising because of the reduced thermolysin activity at low temperatures. Since
the FPLC islocated in a cold room, the hydrolysis reaction occurs at 4°C. As shown
in Figure 5-7, the immobilized thermolysin activity is significantly reduced at even
25°C.

As shown by equation (27), the conversion can be increased by further
reduction of the flow rate, increasing the catalyst weight, and increasing the reaction
rate. Further reduction of the flow rate is not feasible due to the resulting increase in
the cycle time. The catalyst weight can be increased with a larger reactor and the
reaction rate can be increased with an increase in temperature. The following section

looks at protamine digestion with a HPLC system operating at higher temperatures.

5.4.2 Production of LMWP using HPLC
A High Performance Liquid Chromatography (HPLC) system, shown in

Figure 5-14, was used to test the immobilized thermolysin reactor’s performance at
room temperature. The system consisted of two Alltech 526 HPLC pumps, a Linear
UVIS 200 detector, and a two-position injection valve. Data acquisition was done by
a PeakSimple Chromatography Data System, Model 202. A 1mL sample loop was
connected to the sample injection port.

Figure 5-15 shows the direction of buffer flow for the INJECT and LOAD

valve positions. In the INJECT position, the buffer is directed through the sample
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loop which then carries the protamine solution through the thermolysin reactor. The
reactor exit stream then flows into the chromatography column. When the valve is
switched to the LOAD position, although the sample loop is bypassed, the reactor is

still a part of the flow stream. With this configuration there is the possibility of

enzymatic activity loss due to the high salt gradient.
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Figure5-15. LMWP production and purification by an HPL C system.

The HPLC system was used to follow the hydrolysis of protamine by
immobilized thermolysin at 25°C. First the sample loop was loaded with 1 mL of 2
mg/mL protamine solution. TRIS/HCI buffer, pH 7.5, was pumped through the loop
a different flow rates with the position valve in the INJECT position. This forces the
protamine solution through the immobilized thermolysin reactor and into the heparin

column. The resulting elution profiles are shown in Figure 5-16.
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Figure5-16. Digestion of protamine by immobilized thermolysin at 25°C.

The eution profiles clearly show the hydrolysis of protamine into smaller
peptides by the immobilized thermolysin reactor. Two different flow rates, 0.25
mL/min and 0.15 mL/min, were used for the hydrolysis reaction. Asthe flow rateis
decreased, the conversion of protamine to LMWP increases. Because the
immobilized enzyme is only athin layer in the reactor, the reaction time is relatively
short with these flow rates. This serves as further evidence of the relatively high
immobilized activity achieved in this work.

With the expectation that a higher temperature would yield greater enzymatic
activity, the hydrolysis of protamine was also determined with varying reaction

temperatures. Protamine solution was incubated at 25°C or 55°C before injecting into
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the HPLC system. The resulting elution profiles in Figure 5-17 show the increased

digestion of protamine at the higher temperature.

l —T=250C
=T =550C

TDSPS

Protamine
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Figure5-17. Protaminedigestion by immobilized thermolysin at 25°C and 55°C.

The immobilized thermolysin reactor showed no apparent loss in activity after
20 cycles. This includes use of the reactor in the HPLC system where the salt
gradient, which flows through the reactor, contacts the immobilized thermolysin.
Retention of activity under a2M NaCl solution shows that the immobilization method
is stable and no leaching occurs. The system was eventually discarded due to the
development of aleak in the housing and not because of aloss in enzymatic activity.
5.5 Summary

Using the protocol developed for the immobilization of invertase, thermolysin

was immobilized on nanoporous silica. Enzymatic activity was characterized using
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an azocasein substrate under varying pH and temperature. A small packed-bed
reactor was created by packing the immobilized thermolysin into a syringe filter. The
immobilized enzyme showed good retention of activity even after repeated exposure
to 2M NaCl solutions. This combined with the optimization of the salt gradient for
LMWP purification provides approximately a 30-fold improvement in productivity.
High product purity is obtained as seen from the heparin affinity elution profile in

Figure 5-18.
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Figure5-18. Determination of product purity by heparin affinity chromatography.
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Chapter 6: Spherical Silica Composites

Earlier chapters have shown that the N-CSMG material is able to achieve a
higher enzyme activity per gram of matrix than previously published results. The N-
CSMG material, however, is made as a monolithic gel and then mechanically broken
in smaller particles. Thisresultsin the generation of particles of irregular shape and a
broad size distribution. Ideally, for a packed-bed reactor or chromatographic support,
the matrix should have a regular shape and be of uniform size. Spherica particles are
preferential because of improved packing; flow characteristics showing a minimum
back-pressure; maximum surface to volume ratio providing a smaller diffusion path;
and also because they are easier to model (Dasari, Prince et a. 1993).
6.1 Spherical N-CSMG Beads

Several methods have been described in literature for the fabrication of silica
spheres. A well studied method for producing silica spheres, with diameters in the
nanoscale, is the Stober process. In the Stober process, a dilute silica alkoxide
solution is mixed with ammonia, which serves as a catalyst to induce condensation
(Stober, Fink et al. 1968; Fox, Kokoropoulos et al. 1987; Jelinek, Dong et a. 1992).
Particle formation can be tightly controlled by variation of the reactant concentrations
(Giesche 1994), catalyst concentration (Liu, Xu et a. 2004), and reaction temperature
(Chen, Dong et a. 1996). Modified Stober processes have also been developed for
increased control of particle size (Dong 1998; Arkhireeva and Hay 2003).

Silica spheres have been produced containing various other components to
yield a composite with unique properties.  Tetraethoxysilane aong with

organoakoxysilane have been used in a co-condensation process to produce
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organically-modified silica spheres using the Stober process for heavy metal
adsorption (Etienne, Sayen et a. 2002). Silica spheres have aso been organicaly
modified as nanofillers in polymeric systems (Arkhireeva and Hay 2004). Silica
spheres have also been radioactively labeled to produce a marker (FlachsbaH and
Stober 1969). A significant amount of research has also produced severa silica
composites of core-shell morphology with polystyrene (Gu, Kondo et al. 2004; Lu,
McLeéellan et al. 2004; Zeng, Yu et a. 2004), block copolymers (Laruelle, Parvole et
a. 2004), star polymers (Liu and Li 2004), magnetite (Tan, Wang et a. 2004), and
gold (Osterloh, Hiramatsu et a. 2004), among many others (Hah, Um et a. 2004,
Zhang and Li 2004; Zhao, Qin et a. 2004).

In addition to the Stober process, silica spheres have been produced by an
emulsion system. Many of these processes produce silica beads which are surface
modified in subsequent steps. Modification of silica using N-2-(aminoethyl)-3-
aminopropyl (trimethoxy)silane has been shown to increase the chemical reactivity of
silica for adsorption (Jesionowski 2002). Spherical particles, with a size of 50 nm,
modified with 3-aminopropyl(triethoxy)silane have been produced using TEOS in a
microemulsion process (Tan, Yeet a. 2004). Silica spheres with an amino loading of
2.3 mmol/g have been reported (Etienne, Lebeau et al. 2002). These particles
however are in the nanoscale and not appropriate for bioreactors where a particle size
of at least 50 microns is preferential. In addition, al of these published results use

TEOS as the silica source.
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6.1.1 Formation of amino-modified silica spheres by emulsion
Although there are published works that describe the formation of silica

spheres using a sodium silicate source (Wang, Fu et al. 1993; Boissiere, Kummel et
al. 2001; Kim, Seok et a. 2003; Chao, Lin et a. 2004), we found no literature
evidence that micron-sized, amino-modified, spherical silica beads have been
developed using sodium silicate. In this work, spherica N-CSMG beads were
developed using sodium silicate, asthe initial source of silica. Asdetailed in previous
chapters, we first use an ion-exchange process to convert sodium silicate into silicic
acid. The silicic acid serves as the water phase of the water-in-oil emulsion and 2-
ethyl-1-hexanol isthe oil phase. Silicic acid is added to the oil phase, with stirring, at
a 1:15 volume ratio. Ethanol is added to the system, at a ethanol:silicic acid ratio of
2:1, as a cosolvent to improve the silicic acid/APTES compatibility. Under stirring,
the silicic acid and ethanol solution form droplets within the oil phase. After five
minutes of stirring to achieve a stable droplet size, APTES is added to the emulsion; it
enters the oil phase and then diffuses into the droplets. Two events occur as 3-
aminopropyl(triethoxy)silane enters the agueous phase: 1) the ethoxy groups are
hydrolyzed to form ethanol, leaving hydroxyl groups on the silane; and 2) the basic
amino group causes an increase in droplet pH and induces gelation. This scheme is

illustrated in Figure 6-1.
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Figure6-1. Emulsion scheme for formation of 3-aminopropyl(triethoxy)silane modified silica
spheres.
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Fiéure 6-2. Micrographs of amino-modified silica spheresfbrmed by a water-in-oil emulsion
process at mixing rates of a) 690 RPM and b) 1040 RPM .

6.1.2 Control of spherical particle size

The silica sphere particle size can be controlled by variation of the stirring

speed. In Figure 6-2 is shown the micrographs obtained by the emulsion process at

two different stirring speeds. A correlation of pixel length to particle size, 1.5 pm per

pixel, was determined through the imaging of a glass slide with cell-counting sections

of known size. Size distribution of the spherical particles were then determined from

the micrographs obtained for three different stirring rates. The particle size

distribution is shown in Figure 6-3, with the average particle size and standard

deviation, for each stirring rate along with a Gaussian distribution curve. From the

curves and average particle size we can clearly see a decrease in particle size with

increasing stirring rates. However, a narrower size distribution would be more ideal.

In addition to the stirring rates, several other factors can be adjusted to obtain the
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desired size distribution. Composition of the oil and water phases, surfactants, and
even impeller shape can significantly affect the distribution (Pacek, Ding et al. 2001,
Perez, Zambrano et a. 2002; Kraume, Gabler et al. 2004). The optimization of these
factors will be an important aspect of future studies in further devel oping the amino-

modified, spherical silica particles.
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Figure 6-3. Particles size distribution obtained by the emulsion process with stirring rates of 690
(—), 860 (—), and 1040 (—) RPMs. The plotted curves represent the normal Gaussian
distribution for the specified mean and standard deviation.

6.1.3 Amino-modified silica sphere morphology
In addition to particle size, it is also important to have control of particle

morphology. As mentioned in previous chapter, an open morphology is vital in
allowing the free diffusion of components between the bulk phase and particle
interior. The morphology of spherical particles produced by the emulsion process
was studied by scanning electron microscopy (SEM).
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Figure 6-4. SEM images of a) spherical silica particlesunder low magnification; b) single
spherical particle; c) fractured particle revealing theinterior; d) high magnification of outer
shell of the particles; €) 60k magnification of particleinterior; and f) 150k magnification showing
the porousinterior.

A low magnification (x35) SEM image of spherical N-CSMG particles,
produced with a stirring rate of 690 RPM, is presented in Figure 6-4(a). The images
shown in Figure 6-4(b) and (c) are of an intact spherical particle and fractured

particle, respectively. A closer inspection of the interior regions exposed in Figure
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6-4(c) is shown in Figure 6-4(e) and (f). These images show a similar morphology to
the N-CSMG material with some pores 50 nm in size. However, when then outer
shell in Figure 6-4(b) is imaged the morphology is quite different as seen in Figure
6-4(d). Comparison of Figure 6-4(d) with Figure 6-4(e), both taken at the same
magnification, clearly show this difference in morphology. The outer shell of the
spherical particles appears to have a scale-like morphology and would likely pose a

significant barrier to the diffusion of enzymes and other large molecules.

6.1.4 Adsorption of metal ionsand small molecules
It is well know that amino functional groups are able to selectively adsorb

metal ions, including copper, nickel, and cobalt (Tikhomirova, Fadeeva et al. 1991,
Y oshitake, Yokoi et a. 2003). Although the outer morphology appears to be closed
by SEM imaging, the spherical particles are able to adsorb cobalt, copper, and nickel
ions as shown in Figure 6-5. The clear particles display a drastic change in color
associated with the adsorption of these metal ions. If used in a water treatment
system, the color change could be used as an indicator of when the material must be

changed.

Figure 6-5. Adsorption of (a) cobalt, (b) copper, and (c) nick by (d) spherical N-CSM G.

The Cu(ll) adsorption capacity of the amino-modified silica spheres was
determined colormetrically. A 25 mg sample of the silica particles was introduced to

10 mL of 1000 ppm Cu(ll) solution initially at pH 4.5. The adsorption of Cu(ll) was
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followed through measurement of Cu(ll) remaining in solution. A 300 uL aliquot of
solution was removed and added to 60 uL of ammonia hydroxide solution. Chelation
of copper ions by ammonia gives a blue color and the concentration is determined by
absorbance measurement at a wavelength of 440 nm (see Appendix A-4). From the
time profile of Cu(ll) adsorption by N-CSMG and spherica N-CSMG, shown in
Figure 6-6, it is clear that the spherical particles have an adsorption capacity less than

half that of N-CSMG at 1.5 and 3.1 mmols/g, respectively.
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Figure 6-6. Adsorption of Cu(l1) by N-CSM G and spherical N-CSM G particlesfrom a 1000
ppm solution initially at pH 4.5.

The N-CSMG materia is made with APTES homogenously mixed with the
silicic acid; yielding a homogenous distribution of amino groups on the gel surface.
However, the emulsion process of making amino-modified spherical particles

depends on the diffusion of APTES into the silicic acid droplets. Gelation thus
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occurs first at the water-oil interface, forming a solid shell, and progresses toward the
center. The shell formation creates a greater barrier to APTES diffusion and results
in alower concentration of amino groups towards the particle center. Although the
outer shell has a more closed morphology than the particle interior, it is permeable to
glutaraldehyde which is a relatively small molecule. Fluorescence of the Shiff-base
formed between glutaraldehyde and APTES is visualized in Figure 6-7 using confocal
fluorescence microscopy. The image shows a bright band along the outer shell
indicating a high concentration of Schiff bases and, thus, a higher density of amino

groups. The core areg, circled with a dashed line, shows a decreased amino density.

a0

B0
o
[
[}
o

= 40

20

]

1] 20 40 B0 20
hicrons

Figure 6-7. Fluorescenceimage of Schiff-base formed between glutaraldehyde and APTES
showing the distribution of amino groupswithin the particle.

Although the sphericak N-CSMG material can be activated with

glutaraldehyde, it shows no ability to immobilize enzymes. After activation with
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glutaraldehyde, the spherical particles were incubated with an invertase solution
following the protocol for immobilization of invertase on N-CSMG. After washing
the particles with buffer solution and incubating in sucrose solution, no immobilized
invertase activity was detected. The closed morphology, shown in Figure 6-4(d), is
likely one reason for the lack in immobilized activity. Since the enzyme is unable to
diffuse through the outer shell, it is not immobilized on the interior surface area of the
particle. The complete lack of immobilized activity aso indicates that the enzyme is
not immobilized on the outer shell of the spherical particles. This suggests that there
is no significant amount of amino groups exposed on the outer surface. Because the
amino group of APTES is hydrophilic and the triethoxy groups possess some
hydrophobic nature, APTES likely behave as a surfactant with the orientation shown
in Figure 6-8(a). If APTES were to orient as shown in Figure 6-8(b), then some
degree of immobilized enzyme activity would be seen. The burying of the amino-
head within the particle interior, combined with the outer shell’s closed morphology,
hinders the immobilization of enzymes on spherical N-CSMG particles made by this

emulsion process.
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Figure 6-8. Possible orientations of APTES at the water-oil interface of emulsion.
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6.2 Future Work
Using a water-in-oil emulsion process, we have developed spherical silica

bead with an amino-modified surface. The amino loading of spherical beads is 1.5
mmols/g which, although significantly lower than the N-CSMG loading, is a higher
loading than available in commercia products. Surface modification of the spherical
beads relies on the diffusion of APTES into a silicic acid droplet. Because the
APTES induces gelation of the droplets outer shell, a significant barrier to APTES
diffusion is created. This leaves a core region with a relatively low loading of
APTES. The loading can be significantly increased if APTES is homogenously
mixed with silicic acid prior to gelation of the beads. Although they can be premixed
and then introduced to the oil phase, the gelation occurs rapidly and this inhibits the
control of particle size and shape. Although we have shown an ability to control
particle size with adjustment of stirring rates, work still needs to be done in obtaining
a narrower size distribution. This can be accomplished through the engineering of a
mixer which provides a more uniform mixing profile. Another possibility is the
addition of surfactants which can be used to tightly control the emulsion droplet size.
Surfactants can aso be used as a templating agent to improve the outer shell
morphology.

The N-CSMG materia has a hydrophilic nature and shows no adsorption of
the pH dye Thymol Blue. However when treated with the surfactant sodium dodecyl
sulfate (SDS) it becomes hydrophobic. The anionic head of SDS interacts with the

cationic amino groups in N-CSMG creating a surface with the hydrophobic tails
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pointing outward. After treatment with SDS, N-CSMG shows adsorption of Thymol

Blue and exhibits the pH indicating characteristics of the dye as seen in Figure 6-9.

h"

Figure 6-9. Indicating properties of Thymol blue adsorbed on SDStreated N-CSM G at a) pH
1.5, b) pH 7.0, and c) pH 11.5.

Amino-modified silica gels can be combined with a variety of other
components to produce composites that respond to changes in their environment.
One possibility that will be explored is a silica/chitosan composite. Chitosan is
produced by the deactylation of chitin, one of the most abundant natural biopolymer -
second only to cellulose. Chitin is an amino polysaccharide with the hydroxyl groups
in the C-2 position replaced with acetamide groups. Each year approximately 100
billion tons of chitin is produced by crustaceans, mollusks, insects, fungi and other
organisms and several million tons are harvested annualy (Hejazi and Amiji 2003).
This biomateria has several attractive properties including biodegradability,
biocompatibility, and bioactivity (Kurita 2001). It has been shown to have
antimicrobial properties (Papineau, Hoover et a. 1991) and swelling properties
sensitive to changing pH (Thanoo, Sunny et a. 1992). Silica-chitosan composites are
receiving considerable interest for applications in catalysis (Molvinger, Quignard et
a. 2004; Wel, Hao et a. 2004), gene ddivery (Kumar, Hellermann et al. 2004),
gastrointestinal drug delivery (Hgazi and Amiji 2003), tissue scaffolding (Chen,
Zhou et a. 2004), water treatment (Wu and Wang 2003), and chromatography

(Rashidova, Shakarova et al. 2004). With the relative abundance and low costs
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associated with silica and natural biopolymers, there is a significant commercial
interest in producing these composites with their unique properties (Bond and

McAuliffe 2003).
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Chapter 7. Summary

The present work was mainly concerned with the development of protocols
for the immobilization of enzymes on nanoporous silica gels. Silicic acid was
generated from sodium silicate using an ion-exchange process. Amino surface-
modified, silica gels (N-CSMG) were then fabricated through the co-condensation of
silicic acid with 3-aminopropyltriethoxysilane (APTES).

Thermogravimetric analysis (TGA) showed that a high amino loading of 3.6
mmol/g SIO; is achieved. Chelation of copper ions from solution indicated a loading
of 3.1 mmol/g N-CSMG.

A significant hurdle to overcome in working with nanoporous materials is the
shrinkage that accompanies drying of the gel. It was demonstrated in this work that
the chemica modification of the gel surface, by glutaraldehyde, in the wet state can
significantly reduce the shrinkage observed upon drying. Modified (GA-N-CSMG)
and unmodified (N-CSMG) gelswere air dried, freeze dried, and supercritically dried.
In each case, the modified gel exhibited a significantly higher surface area. The
aldehyde content of GA-N-CSMG was measured to be equivaent to 3.1 mmol
glutaraldehyde per gram of GA-N-CSMG.

Immobilization of the enzyme invertase was optimized to finally yield 723 mg
invertase per gram of silica matrix. The immobilized enzyme retained 99 percent of
the free enzyme activity and exhibited similar activity profiles as afunction of pH and

temperature. An Arrhenius plot showed that the activation energy of the immobilized
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invertase was approximately 5.9 KJmol lower than that of the free invertase,
indicating the presence of some diffusion effects.

Comparison of Michaglis-Menten kinetic parameters showed that the
immobilized invertase has a lower V. than free invertase with an efficiency factor,
n, of 0.73. However, a greater affinity for the sucrose substrate by the immobilized
invertase is able to compensate for the lower reaction rate and the catalytic
efficiencies of the immobilized and free invertase are found to be identical. The
immobilization of invertase on GA-N-CSMG yielded an immobilized activity of
246,000 U/g matrix, significantly higher than previous published results.

The GA-N-CSMG material was aso used to immobilize the enzyme
thermolysin.  Thermolysin was used to produce a peptide, Low Molecular Weight
Protamine (LMWP), by the digestion of native protamine. Immobilized thermolysin
was packed into a column to make a bioreactor for the continuous production of
LMWRP. This bioreactor exhibited good stability with no detectable leaching
occurring over multiple uses. The immobilized thermolysin bioreactor was combined
with an optimized purification scheme, using a heparin-affinity column, to provide
more than 30 times increased productivity of LMWP compared to prior methods.

The fina part of this work consisted of producing spherical N-CSMG
particles of controlled size using an emulsion process. Particle size distribution was
controlled by variation of stirring rates. While the particles had a porous interior
region, the outer shell of the particles had a closed morphology. The closed
morphology acted as a barrier to prevent the immobilization of enzymes, but it was

permeable to metal ions and small molecules. Absorbance of cobalt, copper, and
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nickel ions from solution by these particles resulted in a distinct color change. The
spherical N-CSMG aso adsorbed the hydrophobic, pH sensitive dye, Thymol blue,
from solution with retention of pH sensitivity.

The composites developed in this work could provide significant
improvements for a number of applications including sensors, bioreactors, and
chromatography. Possible applications also exist in the drug delivery market for

these composites.

125



Appendices
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A. 1. Standard curvefor determination of starch concentration using iodine-K1 solution.
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A. 2. Standard curvefor determination of glucose concentration using dinitrosalicylic acid.
DNS solution (5 mL) wasintroduced to 0.5 mL of test solution and heated at 100 °C for 30
minutes. After addition of 1 mL of 40 wt% sodium tartrate, the absorbance was measured at
575 nm.
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