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Abstract

In nature, chaperonins stabilise enzymes and protect them from high

temperature and unfavourable solution conditions. We are inspired by some of

chaperonins’ fundamental properties when investigating materials for enzyme

immobilisation. In this project, mesoporous silica SBA-15 is used as a synthetic

chaperonin analogue because of its controlled mesopore diameter and its

negatively charged surface.

Mesoporous silica SBA-15 have been synthesised by an acidic sol-gel method.

The morphologies and textural parameters of the SBA-15 have been

characterised using electron microscopy, gas physisorption, and small-angle X-

ray scattering.

The synthesised SBA-15 samples are used to immobilise several model

proteins: myoglobin, lysozyme, trypsin, and pepsin. At equilibrium, protein

immobilisation can be described by the Langmuir model of physical adsorption.

The maximum amount of protein that can be adsorbed onto SBA-15 increases

with increasing pore diameter. The kinetics of adsorption of the protein

myoglobin is found to be affected by the pore size of the SBA-15, with the

protein diffusing faster through a larger pore.

Immobilising enzymes to SBA-15 is shown to increase their biocatalytic activity

under some solution conditions. For myoglobin and lysozyme, the protective

effects were strongest in solutions where the enzyme is strongly electrostatically

attracted to the silica surface. Immobilised myoglobin is also found to be

protected from digestion by the protease pepsin. For trypsin, the relationship

between electrostatic attraction and improved activity was inconclusive. SBA-15

pore size was shown to affect the activity of the smallest enzyme, lysozyme.

In summary, this thesis recommends the following prioritisations for enzyme

immobilisation: strong electrostatic attraction between enzyme and material,

followed by pore size just exceeding the diameter of the enzyme. By

determining the relative importance of these parameters, this thesis increases

the fundamental understanding of enzyme immobilisation by physical

adsorption onto porous materials.



5

Impact Statement

The knowledge and insight presented in this thesis can be put to beneficial use

both within and outside of academia. Its primary practical application is to

streamline the screening process of enzyme support systems, such as those

used extensively in pharmaceutical and biopharmaceutical production

processes. By making rational decisions with regards to the pore size and

surface charge of available carriers, the effort required to find the optimal

enzyme support material may be reduced.

This research has been carried out under the Centre for Nature Inspired

Engineering (CNIE) at UCL. The CNIE draws lessons from nature to engineer

innovative solutions to grand challenges in sustainability, resilience, and

efficient utilisation of scarce resources. Rather than imitating nature out of

context, research at CNIE takes a scientific approach to uncover fundamental

mechanisms underlying desirable traits, and applies these mechanisms to the

design and synthesis of artificial systems that borrow the traits of the natural

model. These systems are endowed with the same desirable characteristic as

their models in nature and exhibit extraordinary performance in scalability,

robustness, or efficiency. While potentially useful in its industrial applications,

this thesis is also valuable as a case study in the nature inspired engineering

methodology. It has been included as such in the Nature Inspired Chemical

Engineering module for MSc/MEng students in the Department of Chemical

Engineering since its inception in 2015.

Many of the findings presented in this thesis have been disseminated to the

wider research community. Results found in Chapters 2, 5, and 6 of this thesis

have been published in Langmuir, in 2016, under the title “Chaperonin-Inspired

pH Protection by Mesoporous Silica SBA-15 on Myoglobin and Lysozyme.”

Presentations of the research expressed in this thesis have received awards at

academic conferences both internal to UCL (Cross-Disciplinary Network on Soft

Materials, 2017; Department of Chemical Engineering Industrial Advisory

Board, 2017; CNIE Advisory Board, 2016) and at a national level

(ChemEngDayUK, 2014-2017; IChemE Applied Catalysis and Reaction

Engineering, 2014).



6

Table of Contents

1. Introduction to chaperonin-inspired enzyme immobilisation .......................14

1.1 Need for enzyme stabilisation..............................................................14

1.1.1 Overview of industrial biocatalysis.................................................14

1.1.2 Enzyme structure, specificity, and stability ....................................15

1.2 Overview of enzyme immobilisation.....................................................18

1.2.1 Enzyme immobilisation methods...................................................18

1.2.2 Enzyme immobilisation materials ..................................................21

1.2.3 Protein adsorption .........................................................................25

1.3 Approach of this thesis.........................................................................30

1.3.1 A chaperonin-inspired approach to enzyme immobilisation ..........30

1.3.2 Mesoporous silica SBA-15 ............................................................32

1.3.3 Model enzymes .............................................................................36

1.3.4 Specific aims .................................................................................39

2. Mesoporous silica SBA-15 synthesis and characterisation ........................41

2.4 Introduction ..........................................................................................41

2.5 Materials and methods.........................................................................42

2.5.1 Synthesis of mesoporous silica SBA-15........................................42

2.5.2 Electron microscopy ......................................................................44

2.5.3 Nitrogen physisorption...................................................................45

2.5.4 Small-angle X-ray scattering .........................................................47

2.6 Results and discussion ........................................................................49

2.6.1 Electron microscopy ......................................................................49

2.6.2 Nitrogen gas physisorption............................................................51

2.6.3 Small-angle X-ray scattering .........................................................53

2.7 Conclusion ...........................................................................................55

3. Equilibrium protein adsorption on mesoporous silica SBA-15 ....................57



7

3.1 Introduction ..........................................................................................57

3.2 Materials and methods.........................................................................59

3.2.1 Protein adsorption isotherms on SBA-15 with varying pore sizes .59

3.2.2 Determining protein concentration from the Beer-Lambert law .....60

3.2.3 Langmuir adsorption model...........................................................60

3.3 Results and discussion ........................................................................62

3.3.1 Myoglobin adsorption isotherms....................................................62

3.3.2 Lysozyme adsorption isotherms....................................................64

3.3.3 Trypsin adsorption isotherms ........................................................67

3.3.4 Enzyme adsorption isotherms across a single pore size of SBA-15

69

3.4 Conclusion ...........................................................................................72

4. Kinetics of protein adsorption on mesoporous silica SBA-15 .....................74

4.1 Introduction ..........................................................................................74

4.2 Materials and methods.........................................................................75

4.2.1 Myoglobin adsorption on mesoporous silica SBA-15 over time.....75

4.2.2 Diffusion-limited adsorption kinetics ..............................................76

4.3 Results and discussion ........................................................................78

4.3.1 Myoglobin adsorption kinetics onto SBA-15 with different pore sizes

78

4.3.2 Comparison of myoglobin and lysozyme adsorption kinetics ........79

4.4 Conclusion ...........................................................................................81

5. Peroxidase activity of myoglobin immobilised on mesoporous silica SBA-15

83

5.1 Introduction ..........................................................................................83

5.2 Materials and methods.........................................................................84

5.2.1 Myoglobin peroxidase assay .........................................................84

5.2.2 Myoglobin protection from the protease pepsin.............................86



8

5.2.3 Myoglobin pH protection................................................................88

5.3 Results and discussion ........................................................................89

5.3.1 Protease protection of immobilised myoglobin ..............................89

5.3.2 pH protection of immobilised myoglobin........................................91

5.4 Conclusion ...........................................................................................98

6. Glycanase activity of lysozyme immobilised on mesoporous silica SBA-15

100

6.1 Introduction ........................................................................................100

6.2 Materials and methods.......................................................................101

6.2.1 Lysozyme glycanase assay.........................................................101

6.2.2 Lysozyme pH protection..............................................................103

6.3 Results and discussion ......................................................................103

6.3.1 pH protection of immobilised lysozyme .......................................103

6.4 Conclusion .........................................................................................109

7. Hydrolase activity of trypsin immobilised on mesoporous silica SBA-15 ..111

7.1 Introduction ........................................................................................111

7.2 Materials and methods.......................................................................112

7.2.1 Trypsin hydrolase assay..............................................................112

7.2.2 Trypsin pH protection ..................................................................113

7.3 Results and discussion ......................................................................114

7.3.1 Hydrolase activity of immobilised trypsin on SBA-15...................114

7.4 Conclusion .........................................................................................118

8. Summary and recommendations..............................................................120

8.1 Summary ...........................................................................................120

8.2 Further studies...................................................................................122

8.2.1 Continuations of presented studies .............................................122

8.2.2 Thermal stability of proteins immobilised to mesoporous silica SBA-

15 123



9

8.2.3 Co-immobilisation of enzymes to mesoporous silica SBA-15 for

tandem reactions......................................................................................124

8.2.4 Chaperonin-inspired refolding of denatured enzymes.................125

References......................................................................................................126



10

List of Figures

Figure 1 – Schematic of molecular recognition by induced fit.19 The enzyme’s

active site must have the correct shape to accept the substrate, and also be

free to move. .....................................................................................................16

Figure 2 – Schematic of enzyme immobilisation methods, from left to right:

external physical adsorption, covalent binding, encapsulation, and internal

physical adsorption30.........................................................................................19

Figure 3 – Schematic of a protein with edges of different hydrostatic characters,

indicating their variable interactions with surfaces with different hydrostatic

characters.67 .....................................................................................................27

Figure 4 – Space filling model of GroEL/ES chaperonin complex. Colour-coded

by subunit: the open-ended GroEL half, in green, is attached to a purple GroEL

half, which is capped by a red GroES.89 ...........................................................31

Figure 5 – Space-filling models of myoglobin from horse heart,133 pepsin from

porcine gastric mucosa,134 lysozyme from chicken egg white,135 and trypsin

from bovine pancreas.136 ..................................................................................37

Figure 6 – Schematic of mesoporous silica SBA-15 synthesis procedure121 ....42

Figure 7 – Hexagonal lattice cell; Miller indices associated with p6mm 3D

hexagonal space group.....................................................................................48

Figure 8 – Scanning electron micrographs of mesoporous silica SBA-15,

hydrothermally aged at 40 °C (A) and 100 °C (B), and microwave-assisted SBA-

15 aged at 220 °C (C). Micrographs are either at 5,000 times magnification (1)

or at 50,000 times magnification (2)..................................................................49

Figure 9 - Transmission electron micrographs of mesoporous silica SBA-15

hydrothermally aged at 75 °C (A) and 100 °C (B) .............................................50

Figure 10- Nitrogen gas adsorption/desorption isotherms of mesoporous silica

SBA-15, hydrothermally aged at 40 °C, 75 °C, and 100 °C, and of microwave-

assisted mesoporous silica SBA-15, aged at 220 °C........................................51



11

Figure 11 – NLDFT pore size distributions of mesoporous silica SBA-15

synthesised at 40, 75, 100, and (MW) 220 °C ..................................................52

Figure 12 – Small-angle X-ray scattering patterns of SBA-15 synthesised at (A)

40 °C, (B) 75 °C, and (C) 100 °C ......................................................................53

Figure 13 – Small-angle X-ray scattering spectra of SBA-15 aged at 40 °C and

100 °°C (top) and SBA-15 aged at 75 °C (bottom). Graphs on the right are

depict a smaller range of q at lower intensity. ...................................................54

Figure 14 – Myoglobin adsorption isotherms onto mesoporous silica SBA-15

with different pore diameters (6.1, 6.6, and 8.1 nm) in phosphate buffer with pH

7.2 and 100 mM ionic strength. Error bars depict 95% confidence intervals.

Solid lines represent the Langmuir adsorption model. ......................................62

Figure 15 – Lysozyme adsorption isotherms on mesoporous silica SBA-15 with

different pore diameters (6.1, 6.6, and 8.1 nm) in phosphate buffer with pH 7.2

and 100 mM ionic strength. Error bars depict 95% confidence intervals. Solid

lines represent the Langmuir adsorption model. ...............................................64

Figure 16 - Trypsin adsorption isotherms on mesoporous silica SBA-15 with

different pore diameters (6.6 and 8.1 nm) in phosphate buffer with pH 7.2 and

100 mM ionic strength. Error bars depict 95% confidence intervals. Solid lines

represent the Langmuir adsorption model. .......................................................67

Figure 17 - Protein adsorption isotherms on mesoporous silica SBA-15 (8.1 nm)

in phosphate buffer of pH 7.2 and 100 mM ionic strength, for lysozyme,

myoglobin, trypsin, and pepsin. Error bars depict 95% confidence intervals.

Solid lines represent the Langmuir adsorption model. ......................................69

Figure 18 – Comparisons of Langmuir model parameters qm and Keq with

proteins’ pIs and hydrodynamic diameters when adsorbed onto SBA-15, pore

diameter of 8.1 nm, in phosphate buffer with pH 7.2 and 100 mM ionic strength

..........................................................................................................................71



12

Figure 19 – Myoglobin adsorption to SBA-15 with pore diameters of 6.1 or 8.1

nm over time in 25 mM phosphate buffer pH 7.0. Error bars depict 95%

confidence intervals. Solid lines depict the intraparticle diffusion-limited

adsorption model. .............................................................................................78

Figure 20 – Lysozyme adsorption to SBA-15 samples with pore diameters of 5.9

or 7.3 nm over time in in 25 mM phosphate buffer pH 7.0. The solid lines depict

the diffusion-limited model. ...............................................................................80

Figure 21 - Oxidation of 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)

by hydrogen peroxide to a coloured cation, catalysed by myoglobin ................85

Figure 22 – Peroxidase activity of free myoglobin and myoglobin immobilised on

SBA-15 with a pore diameter of 5.9 nm that have been exposed to pepsin, in

solutions with pH values of 3.6 to 6.3. Error bars depict 95% confidence interval.

..........................................................................................................................89

Figure 23 – Peroxidase activities of free myoglobin and myoglobin immobilised

to mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) in

solution pH 3.6 to 7.6, 100 mM ionic strength. pH values to the left of the

dashed line take place in acetate buffer while those on the left are in phosphate

buffer. Inset is magnified x5. Error bars depict 95% confidence interval...........92

Figure 24 – Normalised peroxidase activities of free myoglobin and myoglobin

immobilised to mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1

nm) from solution pH 3.6 to 7.6, 100 mM ionic strength. Error bars depict 95%

confidence interval. ...........................................................................................93

Figure 25 - Amount of initially-loaded myoglobin leached from mesoporous

silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) after 24 hours in

solutions pH 3.6 to 7.6, 100 mM ionic strength. Error bars depict 95%

confidence intervals. .........................................................................................94

Figure 26 – Schematic of electrostatic effects between silica and myoglobin...96

Figure 27 - Hydrolysis of 4-MU-β-(GlcNAc)3 to a fluorescent product, catalysed

by lysozyme ....................................................................................................101



13

Figure 28 - Glycanase activities of free lysozyme and lysozyme immobilised to

mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) in solutions

of pH 3.6 to 7.6, 100 mM ionic strength. pH values to the left of the dashed line

take place in acetate buffer while those on the left are in phosphate buffer. Error

bars depict 95% confidence intervals..............................................................104

Figure 29 - Normalised glycanase activities of free lysozyme and lysozyme

immobilised to mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1

nm) in solutions of pH 3.6 to 7.6, 100 mM ionic strength. Error bars depict 95%

confidence intervals. .......................................................................................105

Figure 30 – Amount of initially-loaded lysozyme leached from mesoporous silica

SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) after 24 hours in solutions of

pH 3.6 to 7.6, 100 mM ionic strength. Error bars depict 95% confidence

intervals. .........................................................................................................107

Figure 31 - Schematic of electrostatic effects between silica and lysozyme ...108

Figure 32 – Hydrolysis of Nα-Benzoyl-L-arginine ethyl ester, catalysed by trypsin

........................................................................................................................112

Figure 33 - Hydrolase activities of free trypsin and of trypsin immobilised to

mesoporous silica SBA-15 (pore diameters of 6.6, 8.1, and 9.8 nm) in

phosphate buffers, pH 5.6 to 7.6, 100 mM ionic strength. Error bars depict the

95% confidence intervals. ...............................................................................115

Figure 34 - Normalised hydrolase activities of free trypsin and of trypsin

immobilised to mesoporous silica SBA-15 (pore diameters of 6.6, 8.1, and 9.8

nm) in phosphate buffers, pH 5.6 to 7.6, ionic strength 100 mM. Error bars

depict the 95% confidence intervals................................................................116

Figure 35 - Amount of initially-loaded trypsin leached from mesoporous silica

SBA-15 (pore diameters of 6.6, 8.1, and 9.8 nm) after 24 hours in phosphate

buffers, pH 5.6 to 7.6, ionic strength 100 mM. Error bars depict the 95%

confidence intervals. .......................................................................................117



14

1 Introduction to chaperonin-inspired enzyme immobilisation

1.1 Need for enzyme stabilisation

1.1.1 Overview of industrial biocatalysis

Making chemical reactions fast, specific, and efficient have always been top

priorities for chemical engineers. Living organisms are able to do this

intrinsically. Enzymes are nature’s catalysts, and they ensure bioorganic

reactions proceed quickly to the correct products. The ability to harness this

natural efficiency is why biocatalysis is so central to modern industrial organic

chemistry. The global enzyme market accounted for 8.2 billion USD in 2015 and

is expected to reach 18.5 billion USD by 2024.1 Enzymes are used extensively

in the manufacturing of fine chemicals.2,3 Enzymes are used to synthesise

enantiomerically pure α- and β-amino acids, alcohols, amides, amines, 

epoxides, organic acids, nitriles, and peptides.4 They are also used to

manufacture desired stereoisomers, and to modify complex target molecules.5

Industrial enzymes, including those with applications in a wide range of sectors

such as food and beverage, detergents, animal feed, textile, pulp, cosmetics,

and wastewater treatments, accounted for 4.7 billion USD of the global enzyme

market in 2015.1

Specialty enzymes, which address the market for lower volume, higher value

products, accounted for 1.6 billion USD of the global enzyme market in 2015.1

These enzymes have applications in diagnostics, biocatalysis and

biotechnological research, and predominantly, pharmaceuticals. A crucial

application of biocatalysis is in the synthesis of chiral pharmaceutical

intermediates.6,7 The most common classes of enzymes used in pharmaceutical

production are hydrolases, reductases, transaminases, and oxidases.8

Antianxiety, antidiabetic, antiviral, HIV protease inhibitor, anticancer,

anticholesterol, anti-Alzheimer, anti-infective, antihypertensive, and Rhinovirus

protease inhibitor drugs all utilise biocatalysis to produce their chiral

intermediates.9–11 In addition to the typical advantages of biocatalysis, which

include high enantio- and stereoselectivity, the pharmaceutical industry also

benefits from the mild reaction conditions involved in enzyme catalysis.

Proceeding with reactions at ambient temperatures reduces the incidence of
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epimerisation, isomerisation, racemisation, and rearrangement. Incorrect

pharmaceutical enantiomers are often toxic.

Regardless of industry, biocatalysis is central to green chemistry. Also called

sustainable chemistry, “green chemistry is the utilisation of a set of principles

that reduces or eliminates the use or generation of hazardous substances in the

design, manufacture and application of chemical products.”12 This ideology aims

to minimise the environmental impact of chemical manufacturing. Biocatalysis

takes place between ambient and biological temperatures, reducing the energy

needed for heating and cooling processes. Organic solvents are used less

frequently, which reduces waste production. Biocatalysis also avoids the

necessity of protective functional groups, which reduces the raw materials

required and increases yield.13,14 Increasing the utilisation of one-pot processes

in pharmaceutical manufacturing is one way in which green chemistry goals can

be reached. These multi-step processes couple two or more biocatalytic

reactions in a single vessel, which reduces the number of process steps and

overcomes thermodynamic barriers. These methods involve cascade, domino,

or tandem reactions that form multiple bonds and avoid time-consuming

recovery and purification steps.14–16

1.1.2 Enzyme structure, specificity, and stability

Enzymes are proteins, long chains of amino acids that form three-dimensional

structures. Like other catalysts, enzymes increase the rate of chemical

reactions by lowering the free energy barrier separating the reactants and

products. They achieve this by many different mechanisms that depend on the

precise arrangement of functional groups in their active site, which is the part of

an enzyme where substrate molecules bind and undergo a chemical reaction.

Enzymes can increase rates of reaction by between 106 and 1012 times the rate

of the uncatalysed reaction.17 Enzymes are also much more specific than

ordinary chemical catalysts; enzymes will only bind to substrates that are both

geometrically and electronically complementary to their active site. The high

stereospecifity of enzymes means they distinguish reliably between

enantiomers, molecules which are mirror images of one another. This high

specificity is key to the industrial appeal of enzyme-based catalysis.
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Proteins, including enzymes, have up to four layers of structural complexity.

Their primary structure is their linear sequence of amino acids: polypeptides

with various side chains. Secondary structure is the local structure of the

peptide backbone of the protein. Two common types of secondary structure are

alpha helices, which are clockwise spirals, and beta sheets, which have a

pleated structure. Tertiary structure is the three-dimensional structure of the

entire polypeptide subunit, including side chains. Quaternary structure is how

different subunits fit together to form the entire protein. All levels of a protein’s

structure are said to be determined entirely by a protein’s amino acid sequence;

this is known as Anfinsen's dogma.17,18

During protein folding, hydrophobic amino acids come together in an effort to

exclude water; this hydrophobic collapse has the greatest influence on a

protein’s three-dimensional shape.17 Once the amino acid residues are closely

packed due to this collapse, van der Waals forces and hydrogen bonds fine-

tune the protein’s tertiary structure. Proteins’ structures are dynamic and

flexible. Single side chains up to entire subunits can move angstroms while free

in solution. This can be caused by small molecule binding or even just random

intramolecular movements. This conformational flexibility is often integral to the

protein’s function.

Figure 1 – Schematic of molecular recognition by induced fit.
19

The enzyme’s active site

must have the correct shape to accept the substrate, and also be free to move.
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Maintaining an enzyme’s correct structure is integral to its catalytic

performance, and, more crucially, its specificity. In 1894, the “lock and key”

mechanism for enzyme specificity was introduced by Emile Fisher.20 In this

analogy, the enzyme’s active site is considered as a rigid lock in which a

substrate key must enter before the catalysis can commence. Over the years,

exceptions to this model arose, such as smaller substrates not reacting within in

active that can accommodate larger substrates. Daniel Koshland modified the

idea in 1958: “the substrate may cause an appreciable change in the three-

dimensional relationship of the amino acids at the active site.”21 This

amendment changed the analogy to resemble a hand going into a glove. In this

induced fit mechanism, both the correct active site structure and specific

degrees of freedom of movement are required for the high selectivity and

activity of any enzyme.

While many enzymes can perform their catalytic function via the specific

arrangement of amino acids within their active site, some enzymes require

cofactors. Cofactors often consist of or contain metal ions to allow their

enzymes to participate in reduction-oxidation reactions and some group transfer

processes. Before a newly-synthesised protein has acquired a cofactor that is

necessary to its function, it is known as an apoprotein.17 If an enzyme makes

use of cofactors, it often cannot renature if the cofactor has dissociated during

its denaturation.

Native proteins are only marginally stable, even under physiological conditions.

The covalent bonds of their primary structure, and of any disulphide crosslinks,

are relatively strong, but the tertiary and quaternary structures are associated

non-covalently via hydrophobic effects, electrostatic interactions, and hydrogen

bonding. These forces rest in a delicate balance; it only requires 5-10 kcal of

free energy per mole to denature a protein.22 Several conditions lead to

denaturation: temperature, pH, surfactants, and other chaotropic agents such

as salts and alcohols. Salt ions differ by their ability to precipitate proteins from

a solution; the Hofmeister series ranks salts’ abilities to stabilise or destabilise

protein structures.23 When globular enzymes unfold, their hydrophobic residues,

which are normally hidden within their core, are exposed. In high protein

concentrations, these hydrophobic residues can stick between proteins, causing
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them to aggregate, or cluster together.17 If a protein’s primary structure, its

amino acid sequence, is maintained, proteins can, in some cases, renature

once returned to physiological conditions.17 If the protein’s primary structure is

lost, it cannot refold.

Enzymes have evolved to operate optimally within their host organisms:

general, this means operating in a neutral, aqueous solution at moderate

temperature. There are some microorganisms, known as extremophiles, which

have developed unique means to cope with extreme temperatures, acidic and

basic pH, and other unfavourable environmental conditions. Extremophile-

derived enzymes can catalyse chemical reactions under these harsh, industrial

conditions.24 However, most enzymes cannot naturally endure industrial

processes, which often involve high temperatures, acids and bases, and

organic solvents. Unfortunately, exposure to these extreme conditions will result

in the enzyme’s denaturation and loss of function.

1.2 Overview of enzyme immobilisation

1.2.1 Enzyme immobilisation methods

Enzymes must be stabilised from unnatural temperature, organic solvents, and

extreme pH to be used effectively in the industries of biological, pharmaceutical,

agricultural, and dairy manufacturing. Enzyme immobilisation a widely-used

solution to the problem of enzyme instability.25–29 Attaching enzymes to an inert,

insoluble material can increase their operational stability.25–29 Immobilisation

has the additional, significant benefit of allowing the enzyme to be easily

removed and recycled.25–29 There are many methods of enzyme immobilisation.

Enzymes can be covalently bound to a supporting material, encapsulated within

a host material, cross-linked to each other to form a matrix, or physically

adsorbed onto a material.25–29 Often, immobilisation leads to a negative

alteration of an enzyme’s activity, specificity, and selectivity, as will be

discussed in Section 1.2.3. However, by choosing the best immobilisation

method and material for the given application, this attenuation can be reduced

or even reversed.25–29
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Figure 2 – Schematic of enzyme immobilisation methods, from left to right: external

physical adsorption, covalent binding, encapsulation, and internal physical adsorption
30

Binding enzymes to a support material has several subcategories: physical,

ionic, and covalent binding. Physical adsorption, due to hydrophobicity,

hydrogen bonds, and van der Waals forces, is often too weak to keep the

enzyme fixed to the material.27,31,32 Industrial conditions such as high stirring or

continuous flow can strip the enzyme from its host. Covalent bonding is

generally stronger, which has the advantage that the enzyme cannot be

leached from the surface. The strength of ionic bonding rests between those of

physical adsorption and covalent bonding.

Encapsulation, also known as entrapment, involves both the physical restraint

of the enzyme within a polymer network, and sometimes an additional bonding

attachment. In encapsulation, the enzyme is present as the entrapment material

is assembled, as opposed to it being attached onto a prefabricated material.

Many of the same materials are used in encapsulation as are used in support

binding, as will be discussed in Section 1.2.2. By cross-linking enzyme

aggregates using a bifunctional reagent, macroparticles that are not supported

by materials can be prepared. This method avoids dilution of the enzyme by the

support material. Cross-linked enzyme aggregates (CLEAs) generally enjoy

high immobilised activity for relatively low optimisation of the immobilisation

process.27,33 They have even been shown to maintain their increased activity in

the presence of organic solvent.30

Immobilised enzymes can be evaluated for industrial applications in several

ways. An immobilised enzyme’s effectiveness factor is determined by its

observed reaction rate divided by the observed reaction rate of free enzyme,
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under the same experimental conditions and the same substrate

concentration.34 However, this method is limited by the substrate concentration

via enzyme kinetics.29 The immobilised enzyme’s turnover number is another

way of determining its effectiveness. Turnover number, as with traditional non-

biological catalysis, is expressed by amount of product produced per amount of

catalyst used, taking stoichiometry into account. This measure is independent of

the substrate concentration.29 Turnover number should be as high as possible,

though the turnover numbers of even fully optimised biocatalysts are often

several orders of magnitude lower than that of non-biocatalysts for their

corresponding inorganic transformations.

Many categories of knowledge must be consulted to optimise an immobilised

enzyme system: biochemistry to protect the enzyme’s activity against

unfavourable conditions; chemistry to ensure its attachment to the surface of

the material; and chemical engineering to ensure that the system’s transport

phenomena are sufficient for good product yield.34 Traditional chemical

engineering is involved in biocatalytic systems in many ways: choosing process

conditions such as temperature, pressure, and pH; determining the best

reaction medium, whether aqueous, organic, or two-phase; and selecting from

reactor configurations like continuous stirred tank, plug flow, fluidised bed, and

batch reactors.35 Additional technologies can be applied to optimise the

enzyme’s catalytic components: activity, selectivity, and stability, and the

immobilisation method’s non-catalytic components: recyclability and process

control. Particularly useful is the ability to control the microenvironment around

the immobilised enzyme with excipients; small molecule quenching agents and

hydrophilic macromolecules have been shown to increase the stability of

immobilised enzymes by increasing the hydration layer around the enzymes

and thereby preventing their aggregation.

In the past decade, protein engineering has increasingly been used as a

complementary tool to enzyme immobilisation.36 Enzymes have been

developed to have improved stabilities against temperature and unfavourable

solvent, and improved lifespans. Immobilising such an enzyme can further

augment its stability, or allow it to remain stable in an environment that would

otherwise not be ideal. Enzymes have also been engineered to have increased
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conformational stabilities by altering the lengths of secondary structure motifs

around the enzyme’s active site, or binding regions. Binding functionalities have

also been altered through genetic engineering. Directed evolution, in particular

has proven an effective methodology for improving enzyme performance and

stability.37–39

1.2.2 Enzyme immobilisation materials

There are a wide variety of materials that can be used as enzyme

immobilisation supports; this section will review them in brief. Synthetic resins,

biopolymers, and inorganic polymers can all be used as supports for enzyme

immobilisation via physical adsorption.27,33 Modification of the material’s surface

can be used to increase the stability and reactivity of immobilised enzymes.

Silica materials are particularly suitable for post-synthetic modification because

of the easily functionalised silanol groups on the materials’ surfaces. Alkyl,

amine, carboxylate, and phenyl groups are commonly used to serve as anchor

points for covalent binding of enzymes on silica.30

Synthetic organic polymers are used as support materials for enzyme

immobilisation. Macroporous acrylic resins have been used to immobilise

enzymes by physical adsorption.40 Acrylic resins can be surface-functionalised

to allow to covalent attachment, which avoids enzyme leaching. A common

acrylic polymer used via covalent attachment is Eupergit C, which is highly

hydrophilic and stable over an extremely wide pH range. The high density of

surface functional groups means that enzymes are immobilised at multiple

points, leading to their high operational stability.27,41,42 A recent improvement to

enzyme immobilisation involves the use of “smart polymers”. These synthetic

polymers experience significant conformational changes in response to small

changes in environmental factors such as temperature, pH, and ionic strength.43

Poly-N-isopropylacrylamide (NIPAM) is an example of a thermo-responsive

polymer; at 32 °C, it dissolves in water, but above this temperature it is

insoluble. Use of this “smart“ support materials helps overcome challenges of

immobilisation such as diffusion limitations, while still allowing the enzyme to be

recycled.44
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Biopolymers are similarly used to immobilise enzymes. These naturally-

occurring materials can be sustainably sourced as by-products of existing

agricultural industries, which is line with green chemistry ideology. Some

examples of natural polymers are agarose, cellulose, and chitin, which are all

water-insoluble polysaccharaides.45–47 Prevalent commercial gel-filtration

matrices such as Sephadex and Sepharose consist of biopolymers which are

synthetically crosslinked to different degrees.27 Protein-based biopolymers,

such as gelatin, have also been used to immobilise enzymes. In the case of

gelatin, both physical entrapment and covalent crosslinking are involved in the

immobilisation process; this has been hypothesised to inactivate several

enzymes due to “steric hindrance, restricted conformational changes or

because their active site is compromised in the binding to gelatin,” as evidenced

by decreases in activity.48

A variety of inorganic supports are used for the immobilisation of enzymes.

Zeolites are naturally occurring, microporous, aluminosilicate materials. They

can also be industrially produced, and are also known as molecular sieves

because of their ability to selectively sort molecules by size exclusion. Zeolites

have heterogeneous surfaces with variable adsorption sites; this is

hypothesised to explain their usefulness for enzyme immobilisation, as they can

modulate the interactions between the enzyme and the surface.49–51 Many other

inorganic support materials have been investigated for enzyme immobilisation,

including ceramics, diatomaceous earth, and carbon nanotubes.52–54

Perhaps the most ubiquitous inorganic supports used for enzyme immobilisation

are silicates, particularly mesoporous silica which contains pores that are

between 2 and 50 nm in diameter.55 Mesoporous silicas are frequently used as

enzyme supports because of their uniform pore diameters, very high surface

areas and pore volumes, inert nature and thermal stability.27 Besides

mesoporous silica SBA-15, which will be discussed in Section 1.3.2, another

morphology of mesoporous silica commonly used for enzyme immobilisation is

MCM-41.56 Another advantage of using silicates for enzyme immobilisation is

how easily such materials can be functionalised. When immobilised to

functionalised silica nanoparticles or pores, covalently-bonded enzymes can



23

experience enhanced thermal stability and a high retention of activity over a

wider pH range.57,58

Regardless of the additional technologies used to augment the system, enzyme

immobilisation onto porous supports has particular advantages over external

surface immobilisation. Enzymes on an interior surface will avoid interaction

with interfaces, such as gas bubbles, which will disrupt the hydrophobic core of

enzymes, leading to their denaturation. This additionally helps to stabilise the

enzyme in reactors which call for high stirring. Porous supports can protect

enzymes from organic solvent in bulk solution, again by preventing the interface

of the solvent from interacting with the immobilised enzyme.59 A crucial

advantage of immobilisation onto porous materials is that it can lead to

“rigidification” of the enzyme. By attaching at multiple points a surface with

negative curvature, an enzyme’s structure is highly stabilised against

conformational changes. Rigidification is especially potent with multimeric

enzymes, which need all of their subunits to be associated in their proper

formations to function.60

A major design factor for immobilised enzyme systems is the mass transport

limitations involved, particularly in microporous materials.34 Access to

immobilised enzymes within the capillaries of porous networks by reactants can

be limited by diffusion, drastically lowering the system’s catalytic efficiency.

Reactants must pass through the stagnant film boundary layer around the

material, diffuse through the pores to the enzymes’ active sites, and then return

back to the bulk. Mass transport in the stagnant film can be increased by

increasing the stir rate in a batch or semi-batch reactor, or the flow rate in a

continuous reactor. However, this also increases the mechanical stress on the

particles and can lead to fragmentation. The mechanical stability of the

immobilisation material is critical to the system’s success, as disintegrated

particles can neither protect their enzymes nor be easily removed in

downstream processing. This quality is negatively affected by increased

porosity, so this must be balanced with the benefits of using porous materials.29

Whether on organic polymers or inorganic supports, material’s surface can be

covered with functional groups to alter their interactions with adsorbing proteins.



24

By coating the immobilisation surface with alkyl functional groups, enzymes can

be immobilised to the surface via a mixture of van der Waals and hydrophobic

interactions; this is particularly useful for enzymes that are natively membrane-

bound, or enzymes that have large hydrophobic patches, like lipase.61,62 To

encourage covalent bonding on the material’s surface, amino or diol functional

groups are commonly used, which bind to primary amines such as those found

on lysine side chains.61,62 Alternatively, epoxy functional groups can be used to

covalently bind to an enzyme’s nucleophilic amide and thiol groups.61,62 To

change the electrostatic properties of silica’s negatively-charged surface, one

can functionalise the surface with trialkyl ammine or tetra alkyl ammonium

groups. Carboxylate function groups, on the other hand, will create negatively

charged areas of the material surface.61,62

Choice of immobilisation material for a given enzyme is influenced by several

factors. The ease of recyclability will depend on the reaction medium and its

viscosity. Smaller particles are more difficult to separate from reaction media,

but larger particles have a lower ratio of surface area to mass, which means

less of the material is able to effectively support an enzyme.34 This dilemma can

be mitigated by using porous materials, which have a much greater surface

area to mass ratio even at larger particles sizes. Porous or not, small particle

sizes can lead to greater pressure drops in fixed bed reactors.29 Immobilisation

materials must be evaluated for their immobilisation yield as well, which is how

much of the enzyme can be loaded onto the material. This is often expressed in

terms of weight or moles of enzyme per weight of material. Alternatively, it can

be expressed as enzyme per surface area of material, which can give more

insight about how close neighbouring enzyme molecules are to each other, or if

attachment is single- or multi-layered.

Enzyme loading onto its immobilisation material can be determined by

comparing the activity of the stock solution, immobilised enzyme, and

supernatant, in conjunction with mass balance. However, if immobilisation

confers an increase or decrease of enzyme specific activity, this method cannot

give accurate estimations of the enzyme loading.29 When possible, through

either large amounts of available enzyme or high-resolution detection

techniques, this can be avoided by measuring enzyme concentration in the
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supernatant directly. For several types of immobilisation, the immobilisation

yield is highly dependent on both the enzyme’s and the material’s surface

potentials in aqueous suspension. Surface charge is generated by ionised

surface groups or the adsorption of ions from solution, and will lead to a

different local electrostatic environment than is found in the bulk solution.

Measuring zeta potential of both the enzyme to be immobilised and the support

material under the desired reactor’s solution conditions can help determine how

strongly they will be attracted to one another.29 If the material and enzyme have

opposite charges, they will likely have a higher loading capacity and exhibit less

leaching over time. However, this method is limited: zeta potential

measurements show the charge layer as it interacts with the bulk solution, not

necessarily how it truly exits on the material surface, which is particularly

irrelevant for porous materials.29

1.2.3 Protein adsorption

The study of enzyme immobilisation by physical adsorption benefits from the

comprehensive experimental works on general protein adsorption. This field has

been researched extensively since the 1970s due to its broad applicability in

topics such as biosensors, biomedical devices, biological processes, and

protein chromatography.63 Proteins do not behave like rigid small molecules,

which have fixed probabilities of attachment and detachment from a solid

support; proteins’ structural complexities lead to behaviour that is more difficult

to predict.63 Both the kinetics of adsorption and the equilibrium states are

valuable for describing a protein’s relationship with its solid support under a

given set of conditions.

Factors that influence protein adsorption arise from the attributes of the three

“actors” in the system: the protein, the surface, and their environment.

Concerning the experimental environment, the most pertinent parameters are

temperature and the buffer’s pH, ionic strength, and composition. Higher

temperature leads to increased diffusion to the surface, resulting in increased

adsorption rates.63 Further, high temperature tends to increase the amount of

proteins adsorbed to the surface.63 The pH of the system governs the

electrostatic states of the proteins and the adsorbate. This can be predicted by

the protein’s isoelectric point (pI), which is the pH at which the protein has zero
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net charge. Proteins with more basic amino acid residues than acidic will have

higher pI values, while for acidic proteins the pI will be lower. Protein adsorption

is generally observed to have maximal mass loading at equilibrium when pH is

near the protein’s pI, as protein-protein repulsion is minimised.64,65 The protein’s

electrostatic condition has also been seen to affect the kinetics of adsorption:

proteins of the net opposite charge to that of the material may have quicker

adsorption due to its attraction.64

Higher concentrations of dissolved ions act to dampen the range of electrostatic

effects between charges. This can serve to weaken either electrostatic

repulsion or attraction between protein and surface. High ionic strength can also

weaken repulsion between protein molecules, causing them to pack more

closely. Very high salt concentrations promote the precipitation of proteins,

which is known ‘salting out’ due to the water absorption by salt ions.63 Different

salt ions differ by their ability to precipitate proteins from a solution, and are

ranked by this ability in the Hofmeister series.23 Ions that promote protein

precipitation are called kosmotropes because they are hypothesised to stabilise

the native conformation of proteins. Ions that slow protein precipitation are

called chaotropes, due to their destabilising effects. However, the Hofmeister

series has not been shown to be useful in predicting protein adsorption.66

The complexity of proteins’ structures mean that each has unique adsorption

behaviour and a distinctive molecular “personality”.67 This makes overly-

simplistic predictions concerning protein adsorption from single parameters,

such as pI, difficult. Smaller proteins, such as lysozyme, tend to inherently have

less flexibility and are less susceptible to structural rearrangements upon

adsorption.68 Larger proteins, such as myoglobin, have enough surface area to

have multiple domains with different adsorption tendencies based on the

surface and environment.67,68 This can lead to multiple orientations of the

protein on the surface and changes in conformation.
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Figure 3 – Schematic of a protein with edges of different hydrostatic characters,

indicating their variable interactions with surfaces with different hydrostatic characters.
67

The hydrostatic characters of a protein and of the material it is adsorbing onto

affect the preferred orientation of the protein on the surface, as seen in Figure

3. Relatively weak adsorption is observed between neutral hydrophilic surfaces,

and strong adsorption is observed between hydrophobic surfaces. Intermediate

adsorption is seen between oppositely-charged surfaces, which are modulated

by ionic strength and pH. The schematic in Figure 3 demonstrates the effect the

material surface can have on a protein’s adsorbed orientation.

When a protein’s function is localised to a particular section of its surface, such

as in enzymes, receptors, and antibodies, its orientation on the surface is

important to consider. Proteins are only very rarely spherical, more often having

elliptical or more complex shapes, and their preferred surface for adsorption will

depend on the free energy minimum from attractive Coulomb and van der

Waals interactions, hydrogen bonds, and the entropy gain of solvent or ion

release.63 Hydrophobic patches will adsorb to hydrophobic surfaces, positively

charged patches will adsorb to negatively charged surfaces, etc. Under this

explanation, it can be understood why proteins have been observed adsorbing

to surfaces of the same overall electrostatic charge.69,70
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Proteins change their conformation upon adsorption to a solid surface; small

alterations in their structure can allow more surface regions that prefer

adsorption to the material to interact with the material and lower the proteins’

free energy.71,72 How much a protein’s structure can change is dependent on its

flexibility, which is related to its size and also its modifications, such as

cofactors or disulphide bonds. This relaxation process is not immediate and it

involves many rotations within a molecule. As with changes in orientation, this

slow restructuring can be seen in the kinetics of protein adsorption, and also

seen through infrared (IR) and circular dichroism (CD) spectroscopy.71,73 These

conformational changes have been linked to changes in an adsorbed protein’s

biological function, by altering specificity and reaction rate, but such effects are

not always seen.74

When adsorbing onto materials with positive curvature, such as spherical

nanoparticles, globular proteins have been observed to experience greater

conformational changes when adsorbed onto larger particles.75,76 As the particle

size increases and the surface curvature approaches that of a flat surface,

proteins attach at more points onto the surface and stretch out of their native

conformation. In contrast, on very small particles with high positive curvature,

proteins attach to the material’s surface at fewer points and experience less

conformational change.75,76 For surfaces with negative curvature, such as

porous materials, this relationship is partially inversed; adsorbed proteins can

attach at more points to a surface with greater curvature, as discussed in the

previous section. However, as the size of the pore approaches that of the

protein, the protein’s tendency to stretch out will decrease.77

The protein layer on the surface can be sparsely or densely packed, depending

on the repulsions between proteins, or lack thereof, due to their electrostatic

state.64,65,78 Low repulsion is also required to form multilayers on the surface,

and can sometimes lead to aggregation of the protein molecules.64 The density

of the protein layer on the surface is also dependent on the concentration of

protein in the bulk; it is hypothesised that high bulk protein concentrations lead

to more rapid adsorption onto the surface, which limits the amount of structural

rearrangement the protein can experience.79
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The Langmuir adsorption model describes adsorption of molecules to a surface

in terms of empty and occupied adsorption sites and assuming that the

adsorbate acts like an ideal gas at isothermal conditions.80 It is commonly used

for describing protein adsorption, and is discussed in more detail in Section

3.2.3. An improvement upon using the Langmuir model for protein adsorption is

to describe it using random sequential adsorption (RSA) theory.81,82 In this

theory, protein molecules adsorb randomly onto a surface over time, but are

rejected and sent back into the bulk if they attempt to adsorb at a site that is

partially blocked by an existing adsorbed protein. This model has explained

experimental adsorption kinetic data better than the Langmuir model, but fails to

incorporate conformational and orientation changes, protein desorption, and

multilayer formation.

The adsorption of various specific proteins onto various inert solid surfaces

have been investigated, including those enzymes which are used throughout

this thesis and are discussed further in Section 1.3.3. Adsorption of trypsin to

nanoparticles indicated that it has an adsorptive preference for hydrophobic

polystyrene surfaces over hydrophilic silica surfaces. Different conformational

changes were observed, by CD and IR, of the immobilised trypsin on either

material. The trypsin immobilised onto silica particles had reversible adsorption

and attenuated activity, but the trypsin immobilised onto polystyrene had

irreversible adsorption and no activity at all.83 Trypsin, a globular enzyme, likely

had its structure so altered by adsorption onto the hydrophobic polystyrene

surface that its activity was completely lost. Myoglobin has shown adsorptive

affinity to titania and zirconia nanoparticles over silica nanoparticles. This affinity

was found, by CD, to correlate with larger conformational changes once

myoglobin adsorbed to the particles. Higher irreversibility was also displayed in

adsorption and refolding of the myoglobin to zirconia and titania particles than

seen with silica particles.84

Carbonic anhydrase adsorbed to silica nanoparticles of three distinct sizes, was

found by CD and nuclear magnetic resonance (NMR) to have greater

perturbation of its secondary structure. It is hypothesised that the greater

curvature of the smaller particles means that less of the protein interacts with

the particle surface and is less disturbed.85 Similar results were seen with
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lysozyme adsorbed to silica nanoparticle, where adsorption to larger particles

lead to greater changed in α-helicity and a correlated drop in lysozyme’s 

catalytic activity.75 In this and another article, lysozyme adsorption to very small

silica nanoparticles can cause a “bridging aggregation” of the particles.

Lysozyme aggregates, depending on their electrostatic state via pH, can act as

a bridge, or glue, between small silica particles.86

1.3 Approach of this thesis

1.3.1 A chaperonin-inspired approach to enzyme immobilisation

Evolution over millennia has impelled biological systems to create clever

solutions to challenges involving efficiency and resilience. Drawing inspiration

from nature and understanding systems’ fundamental concepts allows for the

innovative design of chemical engineering systems. In a nature-inspired

approach, it is important to not imitate natural systems out of context or

succumb to superficial analogies. By scientifically identifying the fundamental

mechanisms underlying desirable traits and applying these mechanisms to the

design and synthesis of artificial systems, one can efficiently borrow the

qualities of the natural model.

Proteins, including enzymes, are synthesised in vivo as strings of amino acids

and must fold into their proper three dimensional shapes. An unfolded

polypeptide chain has a very large number of degrees of freedom, so the

molecule has an astronomical number of possible conformations. This

observation leads to what is known as Levinthal’s paradox: if a protein were to

reach its correctly folded configuration by sequentially sampling each of its

possible conformations, even if conformations are sampled at a picosecond

rate, it would require a time longer than the age of the universe to arrive at its

correct native conformation.17,87 The paradox is that most proteins fold

spontaneously within milliseconds. Levinthal suggested that this paradox is

overcome by the existence of thermodynamically favourable folding pathways

and stable, partially-folded transition states for proteins. In addition, there are

molecular chaperonins, which are proteins that bind unfolded polypeptide

chains to help them fold correctly. Chaperonins are essential, as they prevent

polypeptide aggregation and precipitation by preventing the improper
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association of exposed hydrophobic segments. Chaperonins are also known as

heat shock proteins, specifically of the subclass HSP60, because more are

synthesised in vivo upon exposure to high temperature.88

Figure 4 – Space filling model of GroEL/ES chaperonin complex. Colour-coded by

subunit: the open-ended GroEL half, in green, is attached to a purple GroEL half, which

is capped by a red GroES.
89

In the bacteria Escherichia coli, chaperonins are formed of two subunits known

as GroEL and GroES, as seen in Figure 4. GroEL resembles a cylinder,

consisting of two stacked rings of seven identical subunits each. The internal

diameter of this cylinder is approximately 4.5 nm. GroES has a dome-like

structure of seven subunits which caps one end of the open GroEL cylinder.88,89

GroEL/ES requires energy to help fold its substrate protein, which it acquires by

hydrolysis of adenosine triphosphate (ATP). First, the unfolded substrate protein

enters the GroEL cavity. The exposed hydrophobic residues of the unfolded

protein associate with hydrophobic patches on GroEL’s interior. At the same

time, seven molecules of ATP bind to GroEL. Next, the GroES caps one end of

the GroEL cylinder, preventing the substrate protein’s escape. As GroEL/ES

hydrolyses the ATP, it widens and elongates its cavity, nearly doubling its

volume.90,91 This conformational change also buries GroEL’s inner hydrophobic

patches and exposes hydrophilic patches. This shift in the local steric and polar

environment helps the substrate protein to bury its own hydrophobic residues in

an isolated microenvironment where it cannot aggregate with other proteins.92–

96 The release of the substrate protein is triggered allosterically by the ATP-

binding on the other end of the GroEL cylinder, as that end chaperones the
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folding of a separate substrate protein. The allosteric effects are the twisting of

the subunit ring, the burying of the ring’s hydrophilic patches, and the release of

the GroES cap. After these shifts, the substrate protein is released. It will either

have been assisted in following along the folding path determined by its amino

acid sequence, or, if it has not, its exposed hydrophobic patches will cause it to

be attracted to the open end of a GroEL for additional cycles.97,98

GroEL/ES’s effectiveness is due to three of its attributes: a narrow, cylindrical

pore just large enough to fit a single protein; a local electrostatic environment

that encourages rapid protein adsorption; and, when activated, a hydrophilic

core that encourages the correct folding of newly synthesised proteins. This

thesis investigates a synthetic immobilisation material that is similar to

chaperonins in these three fundamental ways.

1.3.2 Mesoporous silica SBA-15

The immobilisation material used in this thesis is mesoporous silica SBA-15.

This material is made of amorphous, non-crystalline, silicon dioxide.

“Mesoporous” silica in contains pores that are between 2 and 50 nm in

diameter.99 “SBA-15” refers to a particular morphology of mesoporous silica,

named “Santa Barbara amorphous” after the location of its invention in 1998.100

SBA-15 can be synthesised as a rod-like particle approximately one micrometre

long. Its pores are block co-polymer templated; they are cylindrical and arrayed

hexagonally such that they stretch axially down the silica rod. SBA-15’s pore

diameter is monodisperse and can be controlled within nanometres upon

synthesis. This precise control of pore diameter is particularly useful in our

chaperonin-inspired approach, as it allows for the rational design of SBA-15 for

a target enzyme size. Further, mesoporous silica is hydrophilic and negatively

charged in most solutions.101

Enzyme immobilisation on mesoporous silicates have extensively studied over

the past two decades, and several informative review articles have been

published on the topic.26,28,31,102–106 The most common mesoporous silicates

investigated in these studies are the mesoporous silicas MCM-41 and SBA-15,

although other morphologies are investigated, as are materials that incorporate

other compounds such as titania and alumina. Frequent topics of investigation
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for mesoporous silicates are the effects of pore size, pH, ionic strength, and

surface functionalisation on the adsorption of proteins. Mesoporous silicates’

pore size affects protein adsorption, as has been seen in several studies

utilising cytochrome c, trypsin, and other proteins.107–111 In these studies,

greater amounts of protein are found to adsorb to materials with larger pores.

Previous work has indicated that maximum protein adsorption on SBA-15 is

influenced more by pore volume than surface area; that is, for sufficiently large

pores, enzymes will pack within pores rather than just adsorbing onto the

interior surface.112,113 This packing can be predicted by a simple geometric

model, which considers the morphology and dimensions of both the material

particles and the protein, to investigate the packing behaviour within a cross-

section of a pore.114 The effects of mesoporous silicates’ pore size on the

kinetics of proteins adsorption have also been investigated for proteins such as

cytochrome c, lysozyme, and myoglobin.115–118 These studies generally indicate

that protein adsorption goes more quickly in wider, shorter pores. The

electrostatic character of the material and of protein-protein interactions are also

hypothesised to contribute to the kinetics of protein adsorption.116,117

The solution’s pH also has been shown to affect the equilibrium adsorption of

several proteins to mesoporous silicates, including cytochrome c, lysozyme,

and myoglobin.77,117–121 These studies did not show maximal protein adsorption

amounts at equilibrium to generally increase or decrease with pH; rather, the

effects of pH on the system were interpreted with respect to the electrostatic

characters of the different proteins and their dependent attraction or repulsion to

the mesoporous silicate materials and each other. At a protein’s isoelectric

point, the protein has no net electrical charge and can pack more closely on the

material’s surface to achieve the highest maximum loading. At pH values higher

than both the protein’s isoelectric point and the silicate’s point of zero charge

(pzc), both the protein and the silicate surface are negatively charged, and are

only attracted by their hydrophilic surfaces. Similar effects are seen at pH

values below both the protein’s pI and the material’s pzc, when both are

positively charged. At pH values between the protein’s pI and the material’s pzc,

the protein is strongly attracted to the material’s surface, but repels other protein

molecules with like charge, so not as much protein is loaded on the material.
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The ionic strength of a solution also affects protein adsorption, in conjunction

with pH.115,116,118,122 In these studies, which again used proteins such as

cytochrome c, lysozyme, and myoglobin, the buffered solution’s ionic strength

was shown to moderate the pH effects previously discussed. High ionic strength

weakens the electrostatic repulsion or attraction between protein and surface,

and can also weaken repulsion between protein molecules.

Modification of mesoporous silicates’ surface with functional groups, either

during or post-synthesis, has also been shown to affect protein adsorption.123 A

brief review of commonly-used functional groups and their effects on protein

adsorption is discussed in Section 1.2.2. It has been seen that the hydrophilicity

of mesoporous silica’s surface is crucial to protein loading for hydrophilic

proteins. SBA-15 functionalised with propyl groups has lower maximum

loadings of lysozyme and myoglobin than un-functionalised silica of similar pore

volume.77

The same general parameters have also been examined for their effects on the

catalytic activities of enzymes immobilised to mesoporous silicates. The effects

of pore size on the activity of cytochrome c on MCM-41 in early studies were

unclear; it seemed that even the relatively small enzyme was mostly adsorbing

to the external surface of the materials and were therefore displaying

comparable activities.107,108 Later studies on trypsin also showed that the

enzyme couldn’t fit into the small pores of MCM-41, but did within those of SBA-

15 and showed higher activity therein.110,111 Experiments on myoglobin and

lysozyme adsorbed to SBA-15 with different pore sizes indicated that their

respective catalytic activities increased as the pore diameter approached that of

the immobilised enzymes.77 The effect of adsorption onto SBA-15 on these

enzymes’ secondary structure was also investigated using Fourier transform

infrared (FTIR) spectroscopy. The secondary structures lysozyme and

myoglobin experienced greater departures from their native structures with

increasing mesoporous silica pore diameter. In other words, more tightly

confining the proteins resulted in better structural maintenance.77 It is

hypothesised that this effect of confinement gives rise to the increased activities

observed.
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The effects of solution pH on immobilised enzymes’ activities have also been

studied with enzymes such as cytochrome c, trypsin, myoglobin, and the

tandem of chloroperoxidase and glucose oxidase. For some of these studies,

only the pH at which the enzyme was immobilised was tested; in these cases

no clear effect on activity was seen, except that samples with higher loadings

due to favourable adsorption conditions had correspondingly higher

activities.116,124 Other studies investigated the pH values at which the

immobilised enzymes reacted with their substrates, to apparently mixed effects.

For myoglobin, immobilising to mesoporous silica has been observed to shift

the range of pH values at which it is most effective as a peroxidase to be more

basic.118 For the chloroperoxidase and glucose oxidase tandem, immobilising to

mesoporous silica shifts their optimal pH range to more acidic values.125,126

These results can be cohesively interpreted by considering the relative

electrostatics of each system: in both cases, the optimal pH for immobilised

enzyme activity is shifted towards pH values intermediate to the pIs and pzcs of

the respective enzymes and materials.

Functionalisation of mesoporous silicates has been seen to affect subsequently-

immobilised enzymes’ catalytic activities. Trypsin has been seen to perform

best when immobilised to silica covered in thiol or carboxyl functionalisation.127

Lysozyme and myoglobin immobilise to propyl-functionalised SBA-15 were

found to have decreased specific activities.77 This is hypothesised to because

the hydrophobic character of the propyl-functionalised surface partially unfolds

the immobilised enzymes, rendering it significantly less active. Other enzymes

such as lipase and a tandem of chloroperoxidase and glucose oxidase have

also been investigated with regards to surface functionalisation’s effects on their

activity after immobilisation.128,129

Besides investigating and optimising the various parameters of pore size, pH,

ionic strength, and surface functionalisation for enzymes immobilised on

mesoporous silicates, these systems have also been tested against some

common problems in industrial biocatalysis: heat, organic solvents, and recycle.

Cytochrome c and horseradish peroxidase have been shown to have increased

thermal stability when immobilised to SBA-15.116,130 Mesoporous silicate-

immobilised myoglobin and trypsin have demonstrated catalytic activity even in
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organic media, which is normally beyond their capabilities.124,131 The reusability

of chloroperoxidase and myoglobin immobilised on mesoporous silicates have

also been explored, with favourable results.118,132

These works have contributed greatly to our understanding of the process of

enzyme immobilisation by physical adsorption, and to the development of

stabilised enzymes for biocatalytic applications. Several of these studies suffer

from systematic flaws, which leave room for improvement in the field. In several

experiments, different morphologies of mesoporous silicates, created via

different synthesis methods, were compared.107,110,111,115,118,124,129 This approach

is valid, but can make it difficult to determine what aspects of the material’s

shape and surface are responsible for changes in protein adsorption or activity.

Many experiments fail to hold ionic strength constant when pH changes; this is

a known problem as ionic strength can greatly affect proteins’ structures.116,118–

120 Similarly, the choice of buffer salt is not generally taken into account in these

experiments, and their effects on adsorption and activity remain uncertain.

Crucially, some of these reported experiments lack replicates, which makes it

difficult to the compare data points across systems.107,108,116,118–120,124,130

The dozens of recent studies on the topic of enzyme immobilisation to

mesoporous silicates demonstrates its need and relevance. There is also much

room for a more thorough and systematic investigation of the two parameters

we have identified from chaperonin complexes, steric confinement and

electrostatic attraction, in experiments where all other parameters are held as

constant as possible.

1.3.3 Model enzymes

In the systematic study of materials and methods for enzyme immobilisation,

researchers often choose to begin experiments with model enzymes. These

enzymes may not be useful for chemical manufacturing, but they are often more

easily procured in bulk, have well-characterised three-dimensional structures,

and have simple assays for quantifying activity. In this thesis, three enzymes

are immobilised and investigated: myoglobin, lysozyme, and trypsin. A fourth

enzyme, pepsin, is also used in this thesis, though it is not immobilised.
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Figure 5 – Space-filling models of myoglobin from horse heart,133 pepsin from porcine

gastric mucosa,134 lysozyme from chicken egg white,135 and trypsin from bovine

pancreas.136

Myoglobin (Mb) is a protein found in mammalian muscles and, like

haemoglobin, is responsible for transporting molecular oxygen. Myoglobin uses

a cofactor prosthetic group, haem, to bind and transport oxygen. The haem

group consists of an Fe(II) atom surrounded by a porphyrin derivative. Two

hydrophobic side chains, valine and phenylalanine, hold the haem in place, and

their flexibility is important to proper oxygen uptake and release.17 While its

native function is not catalysis, myoglobin can act as a peroxidase in vitro.137

Myoglobin is a monomer made of 153 residues shaped into eight α helices, with 

a molecular weight of 17.6 kDa. Myoglobin’s crystal structure has the unit cell

dimensions of 4.4 x 4.4 x 2.5 nm.133 It is a globular protein with an approximate

hydrodynamic diameter of 4.1 nm.138 Myoglobin’s isoelectric point is 7.2, so it

has a no net charge in neutral solutions.

Pepsin (Pp) is an aspartic protease that aids in digestion in the stomach. It is

optimally active in gastric acid, and cleaves the peptide bonds of proteins,

preferentially after aromatic residues. In high concentrations, pepsin will even

cleave itself, so new pepsin must be synthesised as zymogens, which are in an

inactive form that is later activated by acid. Pepsin consists of 327 residues, has

a molecular weight of 34.6 kDa, and has an approximate hydrodynamic

diameter of 5.1 nm.138 It crystal structure has the dimensions of 5.5 x 3.6 x 7.4

nm.134 Pepsin’s isoelectric point is 3.2, so it is has a net negative charge in most

solutions.

Lysozyme (Lz) is an antibacterial enzyme that has evolved to damage bacterial

and fungal cell walls. It hydrolyses the 1,4-beta-glycosidic linkages found
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between N-acetylmuramic acid and N-acetyl-D-glucosamine residues in

peptidoglycan.139 Lysozyme uses the negatively charged aspartic and glutamic

acid residues in its active site cleft to catalyse this hydrolysis. It is crucial that

these residues are located within a cleft: in addition to aiding specific substrate

binding, the cleft protects the acid residues from losing their protons. Lysozyme

is a monomer consisting of 129 residues cross-linked by four internal disulphide

bonds. Lysozyme’s crystal structure has the dimensions of 3.0 x 3.0 x 4.5

nm.135 It is also a globular protein, with a molecular weight of 14.3 kDa and an

approximate hydrodynamic diameter of 3.9 nm.138 Lysozyme’s isoelectric point

is 11.3, so it has a net positive charge in most solutions.

Trypsin (Tp) is a serine protease which cleaves amino acid chains,

preferentially after negatively charged residues. It contains a catalytic triad of

histidine, aspartate, and serine. A nearby a glycine forms an oxyanion hole,

which stabilises transitional negative charges in the substrate molecule.140

These residues’ positions within the active site cleft are crucial to its proper

function. Like pepsin, trypsin is found in the digestive tract of many animals.

Trypsin consists of 223 amino acids and has a molecular weight of 23.8 kDa. Its

crystal structure has the dimensions 5.4 x 5.8 x 6.6 nm,136 and its approximate

hydrodynamic diameter is 4.6 nm.138 Its isoelectric point is around 10.3, so it is

positively charged in most solutions.141

Table 1 – Selected properties of proteins investigated in this thesis

Protein
Molecular weight

(kDa)

Hydrodynamic

diameter138 (nm)

Isoelectric point

(pH)

Myoglobin

(equine)
17.6 4.1 7.2

Pepsin

(porcine)
34.6 5.1 3.2

Lysozyme

(galline)
14.3 3.9 11.3

Trypsin

(bovine)
23.8 4.6 10.3
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The proteins used in this thesis vary in somewhat in size and widely in net

electrostatic charge. A summary of these parameters can be found in Table 1.

They also have different enzymatic functions and mechanisms. By using

proteins with a wide range of characteristics, the relative importance of steric

confinement and electrostatic attraction to protein adsorption to and enzyme

activity when immobilised on mesoporous silica can be determined.

1.3.4 Specific aims

The specific aim of this thesis is to investigate the influence of chaperonin-

inspired parameters in developing mesoporous silica SBA-15 as an enzyme

immobilisation material. This is accomplished by investigating the influence of

SBA-15’s similarities to chaperonins on its ability protect cargo proteins from

denaturation. In Chapter 2, methods for synthesising and characterising

mesoporous silica SBA-15 are described. The morphological attributes of the

synthesised SBA-15 are discussed, including the materials’ particle

morphologies, pore size distributions, surface areas, and porosities. This

chapter is necessary to support the original contributions to research in the

subsequent chapters, because it demonstrates the high control that is possible

over SBA-15’s morphology, which is required for investigating the chaperonin-

inspired properties.

The first contribution to research in this thesis is the determination of the

relevant importance of electrostatic attraction and steric confinement on the

equilibrium adsorption of myoglobin, lysozyme, trypsin, and pepsin onto SBA-

15. In Chapter 3, we look at the adsorption of the proteins to SBA-15 with

different pore sizes under a single solution condition, as described by the

Langmuir adsorption model. These experiments aim to investigate maximum

adsorption and adsorption affinity with respect to the two chaperonin

parameters studied in this thesis. The second contribution to research is the

determination of the relevant importance of electrostatic attraction and steric

confinement on the kinetics of myoglobin and lysozyme adsorption onto SBA-

15. In Chapter 4, the adsorption kinetics of myoglobin onto SBA-15 with

different pore diameters are compared to those reported for lysozyme under the

same conditions. These experiments investigate if protein adsorption within the

SBA-15 pores is diffusion-limited, and the lack of electrostatic attraction
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between myoglobin and silica helps clarify the role of electrostatic attraction on

protein adsorption within silica pores.

The last contributions to research in this thesis are the determination of the

relevant importance of electrostatic attraction and steric confinement on the

catalytic activity of myoglobin, lysozyme, and trypsin. In Chapters 5, 6, and 7,

these enzymes are immobilised to SBA-15 with varying average pore

diameters, exposed to a range of pH conditions, and their relative activities are

compared. Each enzymes investigated is different in size, charge, and catalytic

mechanism, which is meant to help clarify the roles of electrostatic attraction

and steric hindrance in their confinement and activity. These chapters report on

the relative importance of the two chaperonin-inspired parameters of this thesis

to the enzymes’ activity, and enquire if more general trends about enzyme

immobilisation could be inferred for application to a wide range of industrial

enzymes. By probing the effects of pore diameter and surface charge of the

SBA-15 materials on the adsorption and activity of these enzymes, we can

achieve a better understanding of the fundamentals behind enzyme

immobilisation in general, and make future efforts in this field more

straightforward.
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2 Mesoporous silica SBA-15 synthesis and characterisation

2.4 Introduction

As introduced in Section 1.3.1, chaperonin complexes serve as a source of

inspiration for the rational design of enzyme immobilisation materials. Their

narrow, cylindrical centres are just large enough to host and protect one

substrate protein, conferring steric support. The centre’s hydrophilic surface

ensures that the protein inside reaches its native, globular shape. Chaperonins

also utilise electrostatically charged patches to control their interaction with the

substrate protein. To investigate the importance of these aspects to the

immobilised enzyme’s stability and activity, a material with tuneable pore

diameter is needed which also has a surface that is easily chemically controlled.

Mesoporous silica SBA-15 is an ideal candidate material for investigating

chaperonin-like properties. As mentioned in Section 1.3.2, the pore diameters of

SBA-15 can be altered upon synthesis by changing the temperature at which

the hydrothermal condensation step occurs. The resulting pores have a very

narrow, unimodal pore size distribution, which demonstrates a high degree of

control over the material’s nanostructure. This attribute allows us to draw

conclusions about the effect of pore size with great accuracy. Further, the range

of pore diameters of which SBA-15 can be synthesised (5-30 nm)100 includes

the size of chaperonins when fully dilated (7-8 nm).91 The surface of SBA-15,

most of which is found internally, along its pores, is amorphous silica and thus

has a pzc near pH 2.101,142 In aqueous solutions with pH values higher than 2,

SBA-15 is negatively charged. This property is hardly unique to SBA-15, or to

silica generally, but having a uniform charge distribution on the immobilisation

material’s surface is useful for understanding the relationship between the

electrostatic attraction between protein and material, and the adsorbed

enzyme’s activity and stability.

In this chapter, the methods for synthesising and characterising the SBA-15

used in the subsequent chapters of the thesis are described. The morphological

attributes of the synthesised SBA-15 are discussed, including the material’s

particle morphology, pore size distribution, surface area, and pore wall

thickness. This chapter demonstrates the high control over SBA-15’s
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morphology, which aids the investigation of chaperonin-inspired properties.

Particularly, the SBA-15 synthesised in this chapter was used as the supporting

material in subsequent chapters, which investigate both the equilibrium and

kinetic adsorption of protein molecules to SBA-15, and the activity and stability

of enzymes immobilised in the pores of SBA-15.

2.5 Materials and methods

2.5.1 Synthesis of mesoporous silica SBA-15

Tetraethyl orthosilicate (TEOS) (reagent grade, 98%), tri-block copolymer

poly(ethylene glycol)-block-poly(propylene glycol)-block-poly(ethylene glycol)

(Pluronic P123, molecular weight 5,800 g/mol, EO20PO70EO20), and

hydrochloric acid (ACS reagent, 37%) were purchased from Sigma Aldrich.

Figure 6 – Schematic of mesoporous silica SBA-15 synthesis procedure
121

Rod-like SBA-15 was synthesised using amphiphilic triblock-copolymer Pluronic

P123 as a structure-directing agent, as shown in Figure 6. P123 serves as a

surfactant template by giving the subsequent silica a mesostructure around

which to form. For a typical batch, 8 g of P123 was dissolved into 60 g of

deionised water in a polypropylene bottle, stirring until a clear solution is

obtained. 240 g of 2 M HCl solution was added and the solution was stirred for

2 hours at 40 ˚C. 18 g of TEOS, the silica source, was added drop-wise to the 

centre of the stirred solution, which was stirred at 500 rpm. The resultant
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concentration of TEOS is 0.3 M. The solution was then stirred for precisely 10

min as the silica formed around the polymer.

P123 was chosen as a template because of its mesostructural ordering

properties and amphiphilic character, but other EO:PO ratios have been shown

as suitable alternatives.100 The middle block of the tri-block copolymer is

hydrophobic and buries itself when dissolved in water. Above a critical

concentration, P123 forms micelles, which are initially spherical This critical

concentration is reported as 0.03% w/v in water at 25 °C.143 Cryo-TEM has

indicated that the micelles become long, straight threads when a silica source is

added under suitable conditions.144 The solution must be acidic, lower than

silica’s pzc at pH 2, in order for the silica to form a composite gel with the

template.100,101

After stirring the solution, the resulting homogeneous mixture was kept in static

conditions for 72 hours. Hydrothermal condensation occurs as the

silica/polymer composite is aged. The material’s tuneable pore diameter is

controlled by altering the temperature at which the composite is aged. For this

thesis, SBA-15 batches were prepared with their hydrothermal aging steps at 40

˚C, 75 ˚C, and 100 ˚C, and SBA-15 samples are referred to by these 

temperatures for the remainder of this chapter. Higher temperatures resulted in

larger pore sizes; the temperature-dependent hydrophilicity of the copolymer’s

PEO block causes the micelles to swell under the acidic synthesis conditions.145

The sample was then filtered immediately, while hot, using a Büchner funnel

filtration setup. The filtered material was subsequently washed with deionised

water, filtered and washed three more times, and dried in an oven overnight at

around 80 ˚C. The material was then calcined in a furnace for 24 hours at 540 

˚C, which removes the surfactant template and leaves a hexagonally-ordered 

array of pores. Using this procedure, and by changing the hydrothermal

condensation temperatures, SBA-15 with a controllable, narrow, unimodal pore

size distribution and rod-like morphology was obtained.100,120,121,146

To obtain rod-like SBA-15 with larger pores, the following microwave-assisted

synthesis method was used. After adding TEOS, dropwise, to P123 dissolved in

HCl solution, the reaction mixture was immediately transferred to Teflon-lined
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autoclaves for further reaction in a power-controlled and temperature-

programmed microwave system. In this thesis, the microwave used was the

Ethos EZ Microwave Digestion System. These microwave batches were only

half the size of those made conventionally, because the autoclaves are small.

The mixture reacted at 40 ˚C for 2 hours, and was subsequently heated for 

another 2 hours at the desired temperature. For this thesis, a microwave-

assisted (MW) SBA-15 batch was prepared with its hydrothermal aging step

taking place at 220 ˚C. After, as in the conventional method, the solid product 

was filtered and washed several times with distilled water, and dried overnight

at around 80 ˚C. Removal of P123 templates from MWSBA-15 composites was 

similarly accomplished by calcination at 540 ˚C.121

In addition to yielding SBA-15 with larger average pore diameters, the

microwave synthesis method allowed for a shorter total synthesis time of 5

hours, compared to the conventional method, which required 4 days. Both

methods required an additional 3-day calcination step, which brings the total

preparation times to 4 and 7 days, respectively. One drawback to the

microwave-assisted method is that the batch size was limited by the autoclave

volume capacity and was therefore smaller.

2.5.2 Electron microscopy

Electron microscopy is an important analytical technique in the chemical,

physical, and biological sciences. Focused beams of electrons are used to

probe samples, and are collected by detectors, resulting in images with much

finer detail than those of visible light microscopes. This is due to the small de

Broglie wavelength of electrons, so that images can have resolutions of less

than one nanometre.

Scanning electron microscopes (SEM) use the electron beam to scan over the

surface of a sample, line by line. As the electron beam traces over the sample,

it interacts with its surface and dislodges secondary electrons. A secondary

electron detector attracts the scattered electrons and registers different levels of

brightness. Additional sensors detect backscattered electrons, which are those

from the initial beam that reflect off the sample’s surface. The instrument uses

these signals to create a topological image of the sample. In this thesis, SBA-15
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particle morphologies were observed on a JEOL JSM-6480LV SEM, run in high

vacuum mode, typically operating at 7 kV. Samples were first spray coated in

gold, as they are otherwise non-conducting, and mounted with carbon tape onto

aluminium stubs. Working distance was typically 6 mm. Particle sizes were

judged via visual inspection, not by image processing software.

Transmission electron microscopes (TEM) transmit a beam of electrons through

a sample, rather than scanning over it. The detector in this case is underneath

the sample, and gathers the scatter of electrons through an objective lens to

create an image of the internal structure of the sample on a fluorescent screen.

In this thesis, SBA-15 pore orientations were observed with a JEOL 2100 TEM

operating at 200 keV. For TEM, samples were dispersed in methanol and 2

drops of the suspension were added to holey carbon-coated copper TEM grids.

2.5.3 Nitrogen physisorption

Gas molecules have a tendency to adsorb onto solid surfaces; this adsorption

can tell us more about the ensemble properties of a porous material than

microscopy alone can. Physisorption instruments hold samples at a constant,

very low temperature under vacuum and slowly release an inert gas to the

sample chamber. The low temperature and non-reactive nature of the gas are

necessary to ensure that the gas adsorption to the material surface is purely

physical. By measuring the change in volume over time, the quantity of gas

molecules adsorbed to the surface can be determined.

The Brunauer-Emmett-Teller (BET) theory is widely used for interpreting

physisorption of inert gases, typically nitrogen or argon, onto mesoporous

silicas.55,104,147,148 The theory describes the random adsorption of gas molecules

onto the surface of an adsorbent material in multiple layers. BET theory is an

extension of the Langmuir theory of adsorption, which is discussed further in

Section 3.2.3. In BET theory, gas molecules are assumed to adsorb non-

preferentially onto the material surface and existing gas molecules, at

random.149 By using a smaller gas molecule, like nitrogen, a surface area that

accounts for more of the smaller details of the irregular surface is obtained than

if a larger molecule were used.
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The International Union of Pure and Applied Chemistry (IUPAC) defines

micropores as those below 2 nm in diameter, and mesopores as those between

2 and 50 nm in diameter.55 Gas adsorption into micro- and mesopores is more

complex, because it cannot reasonably be assumed that molecules are only

interacting with one surface in small capillaries. In mesopores, nitrogen gas can

undergo capillary condensation; it passes from vapour to liquid phase well

below its saturation pressure, due to increased van der Waal forces with the

pore walls. The relative pressure required for gas molecules to enter small

capillaries is therefore greater than the pressure required to exit them, leading

to hystereses in mesoporous isotherms.

In much of the cited literature, the Barrett-Joyner-Halenda (BJH) computational

method has been used to determine pore size distributions of mesoporous

silicates.150 These calculated pore diameters do not always match those shown

with microscopy.151 The non-local density functional theory (NLDFT) is the

current state-of-the-art for calculating mesopore size,152–154 and is

recommended by IUPAC guidelines for use when possible.99 Commercial

software provided by some instrument manufacturers include NLDFT kernels

for certain adsorbate-adsorbent systems that have pores of a particular shape.

These kernels are sets of isotherms representing adsorption in pores of

different sizes at a given temperature, and are used to solve the general

adsorption isotherm equation for that system. If kernels do not exist for the

system being measured, NLDFT cannot be accurately applied and classical

methods such as BJH must be returned to.155

Nitrogen adsorption and desorption isotherms of SBA-15 samples were

measured in this thesis using a Quantachrome Autosorb iQ2 automated gas

sorption analyser. Samples were outgassed at 380 ˚C for 8 hours before 

analysis to remove surface contaminants. Samples were cooled using liquid

nitrogen (77 K). The samples’ specific surface areas were estimated using

standard BET theory, and the samples’ pore size distributions were calculated

using NLDFT using kernels for nitrogen sorption on cylindrical silica pores. Pore

volume is calculated from the ideal gas law. All calculations are performed by

the instrument software.
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2.5.4 Small-angle X-ray scattering

X-ray scattering encompasses a range of techniques for the bulk,

microstructural investigation of partially ordered materials. X-ray diffraction

(XRD) is commonly used to determine the order of mesoporous materials, such

as SBA-15, but small-angle X-ray scattering (SAXS), when available, can pick

up order at even longer ranges.147,153,156

Both XRD and SAXS involve a narrow X-ray beam illuminating a sample, and

the elastic scatter of the diffracted electrons being collected off a plate behind

the sample. If the sample contains atoms arranged in a crystal lattice, then their

scattering interferes in such a way that patterns are formed on the detector

plate, which can be interpreted from a database of known crystal structures.

Even amorphous materials, such as the amorphous silica that makes up SBA-

15, can show crystal patterns from ordered pores. The distance between crystal

planes is inversely proportional to the angle at which diffraction peaks occur;

therefore small-angle X-rays can see a broader field of the sample’s order than

wide-angle X-rays. In this thesis, SAXS patterns are obtained with a Ganesha

SAXSLAB machine, using a capillary PXRD analysis.

Equation 1 - Bragg’s law

=ߣ݊ ߠ݊ݏ2݀݅

SAXS data were interpreted using the Bragg model of diffraction. In this model,

a given reflection is associated with a set of evenly spaced sheets running

through the crystal. Incoming X-rays are scattered from each plane. From that

assumption, X-rays scattered from adjacent planes will combine constructively

when the angle θ between the plane and the X-ray results in a path-length 

difference that is an integer multiple n of the X-ray wavelength λ, as shown in 

Equation 1.

Equation 2 - Definition of scattering vector

=ݍ
ߨ4

ߣ
ߠ݊ݏ݅

Powder diffraction operates on the assumption that every possible crystalline

orientation is represented equally in a powdered sample. Averaging these
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orientations results in the three-dimensional space seen in single crystal

diffraction being projected in a single dimension. Mesoporous silica is

amorphous, not crystalline. Therefore, its scattering peaks are relatively broad.

As shown in Equation 2, the scattering vector q can be plotted against X-ray

signal intensity to quantitatively define the reflections. Again, θ is the scattering 

angle between the X-ray and the crystal plane, and λ is the wavelength of the X-

ray. The Ganesha SAXSLAB instrument used in this thesis allows for scattering

angle of up to 31°, which corresponds to a q vector of 4.2 Å-1.

Figure 7 – Hexagonal lattice cell; Miller indices associated with p6mm 3D hexagonal

space group

The orientation of a particular set of sheets is identified by its three Miller

indices. A reflection is said to be indexed when its reciprocal lattice vector

components have been identified from the known wavelength and the scattering

angle 2θ. Such indexing gives the unit-cell parameters, the lengths and angles 

of the unit-cell, as well as its space group. SBA-15 is known to have three-

dimensional hexagonal order, specifically having a p6mm space group (two-

dimensional hexagonal periodicity of the one-dimensional pore array), shown in

Figure 7. The Miller indices of the three peaks found in SBA-15 SAXS spectra

are then (100), (110), and (200).117

Equation 3 – Unit cell size for hexagonal symmetry

ܽ =
ʹ݀ ሺͳͲͲሻ

√3

SAXS data can be used to calculate the samples’ pore wall thicknesses, in

conjunction with pore size distribution data from nitrogen physisorption, by

finding the unit cell dimension a0. The d-spacing is determined from the
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scattering vector, q, with the greatest intensity, as shown in Equation 3. The

difference between the relative intensities of the peaks can also be used in

porous samples to indicate pore wall thicknesses.157

2.6 Results and discussion

2.6.1 Electron microscopy

Figure 8 – Scanning electron micrographs of mesoporous silica SBA-15, hydrothermally

aged at 40 °C (A) and 100 °C (B), and microwave-assisted SBA-15 aged at 220 °C (C).

Micrographs are either at 5,000 times magnification (1) or at 50,000 times magnification

(2)
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The SEM images in Figure 8 show that all SBA-15 particles have a rod-like

morphology and that their particle size distributions have low polydispersity. A

single SBA-15 particle is approximately 1 µm in length. From these

micrographs, it appears that the use of a microwave during synthesis affects the

particles’ thicknesses: convention SBA-15 particles synthesised at 40 or 100 °C

have slightly variable diameters around 350 nm. Microwaved-synthesised SBA-

15 particles, made at 220 °C, have approximate diameters closer to 200 nm.

The micelle swelling that takes place during the hydrothermal ageing step of the

SBA-15 synthesis takes place more quickly and under constant pressure in the

microwave-assisted method, why may be why smaller, more uniform SBA-15

particles are observed.

Figure 9 - Transmission electron micrographs of mesoporous silica SBA-15

hydrothermally aged at 75 °C (A) and 100 °C (B)

TEM images shown in Figure 9 show the orientation and shape of the pores

within the SBA-15 particles. Looking at an SBA-15 rod end-on, the hexagonal

packing of its pores is very clear. The uniformity of pore size and spacing is also

evident. These SBA-15 pores are found to be oriented down the length of the

rod-like particles, and very low tortuosity of the cylindrical pores is observed.

These micrographs agree with literature initially reporting synthesis methods for

rod-like SBA-15.109,146
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2.6.2 Nitrogen gas physisorption

Figure 10- Nitrogen gas adsorption/desorption isotherms of mesoporous silica SBA-15,

hydrothermally aged at 40 °C, 75 °C, and 100 °C, and of microwave-assisted mesoporous

silica SBA-15, aged at 220 °C

Nitrogen adsorption and desorption isotherms of all SBA-15 samples contain

hysteresis loops defined as type H1 by the IUPAC classification, which is

associated with well-defined cylindrical pore channels.99 The SBA-15 sample

aged at 40 °C experiences a capillary condensation step when relative pressure

is around 0.6. The pressure at which capillary condensation occurs increases

with increasing ageing temperature of the SBA-15 batch; takes place at a

relative pressure of 0.8 for the microwave-synthesised SBA-15, which has an

ageing temperature of 220 °C. This finding suggests that the mean pore size is

larger when the ageing temperature of the batch is higher. The steep nitrogen

adsorption branch during capillary condensation in the mesopores seen for the

conventionally synthesised samples shows how rapidly the gas is adsorbed

over a small pressure range; this is indicative of a narrow pore size distribution.

This steep adsorption isotherm due to capillary condensation is also seen for

the microwave-assisted sample, but to a lesser extent.
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Figure 11 – NLDFT pore size distributions of mesoporous silica SBA-15 synthesised at

40, 75, 100, and (MW) 220 °C

The narrow pore size distributions shown in Figure 11, calculated by the NLDFT

method, indicate good control of the SBA-15’s mesopore diameter. As

expected, pore size increases at higher hydrothermal ageing temperatures. The

pore size distributions are also broader, i.e., less controlled, for syntheses

carried out at higher temperatures.

Table 2 – Morphological parameters of mesoporous silica SBA-15 derived from N2

physisorption

Synthesis

temperature

(°C)

NLDFT pore

diameter

(nm)

BET surface area

(m2/g)

Mesopore

volume

(cm3/g)

40 6.1 505 0.467

75 6.6 602 0.656

100 8.1 685 1.093

220 (MW) 9.8 268 0.983

Table 2 shows the morphological parameters, derived from nitrogen

physisorption, of all SBA-15 samples. Total surface area, calculated by the BET

method, increases with increasing synthesis temperature for all conventionally-

synthesised SBA-15 batches. However, the microwave-assisted SBA-15 has a
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significantly lower surface area despite its larger pores. The pore volume

associated with pores smaller than 50 nm also increases with increasing

synthesis temperature for all conventionally-synthesised SBA-15 samples. No

appreciable interparticle macropore volume is observed for any sample. It has

been reported that SBA-15 synthesised at high temperatures, including those

synthesised via microwave, experience increased merging of primary pore

channels due to having thinner pore walls.158,159 This may explain why, in

addition to having a wider pore size distribution trailing to larger pore size

distribution, the microwave-synthesised SBA-15 batch has a significantly

smaller surface area while retaining a high pore volume.

2.6.3 Small-angle X-ray scattering

Figure 12 – Small-angle X-ray scattering patterns of SBA-15 synthesised at (A) 40 °C, (B)

75 °C, and (C) 100 °C

SAXS patterns of the three conventionally synthesised SBA-15 are shown in

Figure 12. These patterns show that all three samples have ordered porous

structures. The SBA-15 synthesised at 75 °C is shown to have the shortest

range of order, while the 40 and 100 °C batches of SBA-15 have long-range

order. This is determined by the number of clearly-visible overtones in the

scattering patterns. The SBA-15 synthesised with a microwave at 220 °C was

not investigated via SAXS.
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Figure 13 – Small-angle X-ray scattering spectra of SBA-15 aged at 40 °C and 100 °°C

(top) and SBA-15 aged at 75 °C (bottom). Graphs on the right are depict a smaller range

of q at lower intensity.

The SAXS spectra for the SBA-15 synthesised at 40 °C and at 100 °C show

three Bragg reflections peaks. The left-shift of the peaks at a higher synthesis

temperature indicates that the samples have a different unit cell dimensions.

The difference between the relative intensities of the peaks suggests that the

two samples have different pore wall thicknesses. The SAXS spectrum of the

SBA-15 synthesised at 75 °C has lower intensity Bragg reflections peaks than

the 40 °C and 100 °C SBA-15 samples, so they are here shown with different

intensity axes. The lower intensity may be from inadequate exposure of the

sample during measurement, or may indicate that there are larger amorphous

regions of silica. However, the positioning of the peaks, compared to the two

other samples, indicates that the 75 °C SBA-15 sample has an intermediate unit

cell size between those of the 40 °C and 100 °C SBA-15 samples. Additionally,

the relative intensity of the peaks show a different pore wall thickness for this

sample, compared to those of the other two syntheses.
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Table 3 – Morphological parameters of mesoporous silica SBA-15 derived from small-

angle X-ray scattering

Synthesis temperature

(°C)

Unit cell dimension

(nm)

Pore wall thickness

(nm)

40 10.3 4.2

75 11.2 4.6

100 11.8 3.7

The unit cell dimension corresponds to the distance between the centres of the

pores; therefore, each sample’s pore wall thickness is calculated by subtracting

the NLDFT-calculated pore diameter from the unit cell dimension. The pore wall

thicknesses for all conventionally-synthesised SBA-15 are very similar and do

not appear to trend with synthesis temperature.

From these three characterisation methods in conjunction, we can calculate

approximations of the external and internal surface area of the SBA-15

materials. Assuming that the cylindrical pores of a given diameter are arranged

hexagonally with a given unit cell dimension, we can calculate the porosity of

the material by subtracting the cross-sectional area of the pore from a

hexagonal silica unit. Using this method, we estimate the porosity of the 40 °C

SBA-15 batch at 0.318, the 75 °C batch as 0.315, and the 100 °C batch as

0.427. We also know from SEM micrographs, very approximately, the external

dimensions of an SBA-15 particle: a cylinder 1 µm in length and 350 nm in

diameter. Knowing also the density of silica to be 2.65 g/cm3 and the calculated

porosities, i.e. lost mass, of these particles, we can determine the external

surface area of these SBA-15 particles to be 7 m2/g for both the 40 °C and 75

°C batches, and 9 m2/g for the 100 °C batch. Comparing these values, even as

rough estimates, to the BET surface areas in Table 2 puts the external surface

area of the SBA-15 particles at approximately 1% that of the surface area within

the particle’s pores.

2.7 Conclusion

In this chapter, batches of mesoporous silica SBA-15 have been synthesised

and characterised in such a way that confirms their suitability for future
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experiments. Altering the temperature at which SBA-15’s hydrothermal

condensation step takes place changes the material’s pore diameter, thereby

altering the material’s surface area and pore volume. Gas physisorption

indicates that the median pore diameter of the SBA-15 batches increases with

increasing synthesis temperature in accordance with literature. Gas

physisorption also shows that the SBA-15’s pore size distributions are narrow,

which is further confirmed with TEM. SAXS spectra indicate that the pore wall

thickness is not significantly altered by the swelling of micelles. These

characterisation techniques show the control that is achievable over the pore

morphology of SBA-15; their mean, narrowly-distributed diameter can be

changed without substantially altering pore tortuosity or external particle

morphology. These materials can be used to examine the effects of steric

confinement on adsorbed proteins without other morphological changes

obscuring the results.

From this chapter, it is clear that SBA-15 is not a sophisticated synthetic

analogue for chaperonin complexes; there are no moving parts or switching of

charges. SBA-15 is simple in comparison, and this thesis will show how it is

effective in examining two parameters that make chaperonins efficient: steric

confinement and electrostatic attraction. In Chapters 3 and 4, protein adsorption

onto these materials will be investigated, to better understand the physical

effects between the surface of the materials’ long, narrow pores and flexible,

globular proteins. Then, in Chapters 5, 6, and 7, the protective properties that

adsorption to these materials confers to enzymes will be tested. These

experiments investigate the catalytic activities of enzymes immobilised onto

SBA-15 of different pore sizes and exposed to different attenuating conditions,

and help clarify the relative importance of the chaperonin-inspired parameters.
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3 Equilibrium protein adsorption on mesoporous silica SBA-
15

3.1 Introduction

There have been many investigations on how proteins interact with the interior

cavity of GroEL/ES chaperonins, as discussed in Section 1.3.1 of this thesis.

Those interactions are complex and multi-staged: a combination of electrostatic

attraction, hydrophobic residue-induced water exclusion, and ATP-induced

compression. In contrast, SBA-15’s interactions with proteins are more

straightforward. Efforts have already been made to describe these interactions

with simple models, treating proteins as spheroids with fixed electrical charges,

as discussed in Section1.3.2. In this way, we can interpret the adsorption of

proteins to the surface of SBA-15 in the contexts of the steric confinement of the

protein within a narrow, cylindrical channel, and of the net electrostatic

attraction, or repulsion, of the protein to the negatively charged walls of the

silica pore.

The first step for experimentally investigating these interactions is to observe

the adsorption of protein molecules onto the surface of SBA-15 once equilibrium

between protein molecules and available adsorption sites on the material has

been reached. The proteins attach, primarily by a combination of van der Waals

forces, hydrophobic interactions, and hydrogen bonds, within the pores of the

material, as discussed in Section 1.2.1. Proteins also attach to the external

surface of the SBA-15 particles, but, as discussed in Section 2.6.3,

approximately 99% of the SBA-15’s surface area is within the pores. These

equilibrium points are strongly affected by the temperature of the system, so to

meaningfully compare how the equilibrium shifts across different systems, we

need to collect these data isothermally. We expect, initially, that protein

adsorption is directly proportional to protein concentration in the bulk solution

when there are many adsorption sites available. This region of the isotherm, at

low protein concentration, is sometimes referred to as the Henry’s law region for

following this relation.160 As sites become more fully occupied, the excess

protein is left free in solution. This means there is a maximum amount of protein

that can be adsorbed onto the surface of the material. This type of adsorption is
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described by the Langmuir adsorption model, which is detailed further in the

methods section of this chapter.

Previous studies of proteins adsorbed to SBA-15 have found that maximum

loadings of protein increase with increasing pore size, which is attributed to

more efficient packing of the proteins within the pores of the material.112–114

These experiments also indicated that proteins pack within the pores in multiple

layers when adsorption occurs at a protein’s isoelectric point, where the protein

has a net neutral charge. This is demonstrated by the observation that pore

volume is a more accurate prediction of maximum protein loading than surface

area. This interpretation was also obtained with the help of a simple geometric

model of protein packing within the pores. In has also been reported that

maximum protein loading onto SBA-15 changed with pH such that it was

maximal at the protein’s isoelectric point. This is interpreted as being due to

more complete packing of proteins within the pores being achievable when the

proteins have net neutral charges and are, therefore, not experiencing

intermolecular repulsion.121

In the following experiments, the protein adsorption isotherms are not collected

at each protein’s isoelectric point, but rather at a fixed pH of 7.2. This is to

investigate the effect of the protein’s charge on its equilibrium adsorption.

Furthermore, performing these isotherm experiments at a neutral pH, where

their native structure is not perturbed, is necessary for supporting the

experiments concerning enzyme activity in Chapters 5, 6, and 7; in those

experiments, we want to work in the Henry’s law region of protein adsorption

where the enzymes are maximally on the silica surface and minimally free in

solution. Additionally, in these experiments, we look at the affinity for adsorption

of the proteins to the SBA-15, in the form of the Langmuir adsorption constant.

These experiments aim to investigate maximum protein adsorption and

adsorption affinity with respect to steric confinement and electrostatic attraction,

the two chaperonin parameters studied in this thesis.
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3.2 Materials and methods

3.2.1 Protein adsorption isotherms on SBA-15 with varying pore sizes

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), lysozyme from chicken egg white (lyophilized powder, protein 

content ≥90%, ≥40,000 units/mg protein), myoglobin from equine heart (≥90%, 

essentially salt-free, lyophilized powder), trypsin from bovine pancreas (Type XI,

lyophilized powder, ≥6,000 BAEE units/mg protein), and pepsin from porcine 

gastric mucosa (powder, ≥400 units/mg protein) were all purchased from 

Sigma-Aldrich and used without further purification. Mesoporous silica SBA-15

was prepared and characterised as discussed in Chapter 2. In this chapter,

SBA-15 samples are referred to by their NLDFT-calculated pore diameters,

rather than by the temperatures used during the hydrothermal condensation

step of their syntheses. Ultraviolet-visible spectrophotometry (UV-Vis) was

carried out using a BioTek Synergy H1 Multi-Detection Reader.

To study the thermodynamics of protein adsorption onto mesoporous silica

SBA-15 samples with different pore diameters, adsorption isotherms of several

proteins were prepared. Phosphate buffer with a pH of 7.2 and an ionic strength

of 100 mM was prepared by mixing a 100 mM solution of sodium phosphate

monobasic and a 33.3 mM solution of sodium phosphate dibasic. SBA-15 was

suspended in this phosphate buffer at a concentration of 4 g/L. The suspension

was sonicated and visually checked for adequate dispersion. Protein solutions

were prepared in the same buffer at varying concentrations between 0.1 g/L

and 3.0 g/L. The SBA-15 solutions were then mixed with equal volumes of

protein solutions, resulting in final SBA-15 concentrations of 2 g/L and varying

final concentrations of protein. Each combination of protein, SBA-15 sample,

and protein concentration were prepared and measured in triplicate. These

composite solutions were agitated overnight at room temperature to ensure

equilibrium; evidence that protein adsorption onto SBA-15 reaches equilibrium.

Protein adsorption onto SBA-15 reaches equilibrium over several hours, as can

be seen in Chapter 4 of this thesis.

To determine the loading of protein on the SBA-15 sample, the composite

solutions were centrifuged at 12,000 rpm for 5 minutes. The concentrations of
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protein in the supernatants were measured via UV-Vis at a characteristic

absorbance wavelength of 280 nm (and also 409 nm for myoglobin). These

measurements were compared to a calibration curve, and the protein

concentrations were determined by the Beer-Lambert law. The amounts of

protein adsorbed to the SBA-15 were calculated using mass balance.114

Adsorption isotherms were prepared for myoglobin and lysozyme on SBA-15

samples with pore diameters of 6.1, 6.6, and 8.1 nm. Isotherms for trypsin were

prepared with 6.6 and 8.1 nm SBA-15, and an isotherm for pepsin was

prepared on just 8.1 nm SBA-15.

3.2.2 Determining protein concentration from the Beer-Lambert law

The Beer-Lambert law, shown in Equation 4, describes the relationship between

the absorbance of light and a concentration of light-absorbing species within a

sample. It is used in this and future chapters to correlate the UV-Vis absorbance

of a sample with its concentration of a specific protein.

Equation 4 – Beer-Lambert law for a single attenuating species

ܣ = ߝ݈ܿ

where absorbance A is directly proportional to l, the path length of light through

the sample, ε, the extinction coefficient of the species, and c, the concentration

of the species. This correlation is limited to low concentrations of a species, as

the absorbance reaches a maximum value at high concentrations. This

relationship allows the preparation of calibration curves, where protein solutions

of known concentrations are linearly correlated with absorbance for a particular

path length on a particular spectrophotometer. Samples with unknown

concentrations can then have their absorbance values compared to this

calibration curve to determine their protein concentration.

3.2.3 Langmuir adsorption model

A protein adsorption isotherm discerns the relationship between unbound

protein concentration and protein loaded onto the adsorbent material at the

system’s equilibrium. Adsorption isotherms are important for determining the

maximum amount of protein that can load on the material and the adsorption

affinity between the protein and the material.
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Equation 5 – Langmuir adsorption model

ݍ

ݍ
=

ܥܭ

1 + ܥܭ

The Langmuir adsorption model, shown in Equation 5, describes adsorption of

molecules to a surface in terms of empty and occupied adsorption sites, and

assuming that the adsorbate acts like an ideal gas at isothermal conditions.80

Here, q and qm are loading (mg protein/g SBA-15) of the adsorbent at

equilibrium and its maximum value, respectively. Keq (L/g) is the Langmuir

equilibrium constant, which can also be expressed as the ratio of the adsorption

rate constant to the desorption rate constant. C is the concentration of protein in

the solution, which acts similar to pressure in an ideal gas system.

However, many of the assumptions of the Langmuir model are not met by the

physical system described in this chapter. The adsorbing surface of SBA-15 is

not perfectly flat: it is both curved and slightly rough, due to the presence of

microporosity between the cylindrical pores. It is unlikely that proteins adsorb

into completely immobile states, because proteins have flexible structures.

Protein adsorption onto the silica surface is likely affected by electrostatic

attraction, so adsorption can change as local environments fluctuate. At high

concentrations, proteins can compete for adsorption sites and repel other

proteins via electrostatic repulsion. Lastly, this model assumes that only

monolayer coverage is possible, whereas there may be limited multilayer

adsorption, or pore filling, within the SBA-15 pores. The Langmuir adsorption

model is fitted to the experimental protein adsorption isotherms reported in this

chapter via a sum of least squares method in order to determine these

parameters.

Other models are available for describing adsorption of molecules onto surfaces

at equilibrium. A precursor to the Langmuir model is the Freundlich model,

which also describes the relationship between the concentration of a solute on

the surface of an adsorbent and the concentration of the solute in the liquid with

which it is in contact.161 This relationship is entirely empirical, however, and

does not incorporate monolayer loading onto the material, which is why the

Langmuir model is chosen for this chapter. When compared, protein adsorption
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onto mesoporous silica has been seen to follow Langmuir model better than the

Freundlich model for these reasons.57,162 Another adsorption model that may be

considered for this work is the Dubinin-Radushkevich model, which was

originally developed for vapour adsorption within microporous carbons.163 The

Dubinin-Radushkevich model assumes that there is a change in the potential

energy of a gas as it adsorbs, and that a given solid has a characteristic

energy.164 Protein adsorption onto mesoporous silica has not been seen to

follow the Dubinin-Radushkevich model as well as the Langmuir model,

particularly at lower protein concentrations where the Dubinin-Radushkevitch

model does not transition into the Henry’s law region.165,166

3.3 Results and discussion

3.3.1 Myoglobin adsorption isotherms

Figure 14 – Myoglobin adsorption isotherms onto mesoporous silica SBA-15 with

different pore diameters (6.1, 6.6, and 8.1 nm) in phosphate buffer with pH 7.2 and 100

mM ionic strength. Error bars depict 95% confidence intervals. Solid lines represent the

Langmuir adsorption model.

The adsorption isotherms of myoglobin onto SBA-15 of different pore diameters

in phosphate buffer with pH 7.2 and 100 mM ionic strength are shown in Figure

14 with error bars depicting 95% confidence intervals. The solid lines depict the

Langmuir model fitted to these data sets. The Langmuir model parameters

extracted from these least-squares fittings for each SBA-15 sample are

displayed in Table 4.
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Table 4 – Langmuir model parameters for isothermal myoglobin adsorption to SBA-15

with different pore diameters (6.1, 6.6, and 8.1 nm) in phosphate buffer with pH 7.2 and

100 mM ionic strength

SBA-15 pore diameter

(nm)

qm

(mg Mb/

g SBA-15)

Keq

(L/g Mb)

6.1 78.8 35.0

6.6 201 7.57

8.1 278 8.62

For all experimental data sets, the Langmuir model fits well. As expected, larger

pore diameter SBA-15 has a higher maximum loading of myoglobin, qm. It

should be noted that the experimental values of myoglobin adsorption do not

reach the predicted qm for the two larger pore sizes of SBA-15; therefore, these

values are extrapolated.

As discussed in Section 2.6.3, nearly all of these SBA-15’s surface areas are

within the pores. Some of the SBA-15 surface area reported by nitrogen

physisorption is not directly available for protein adsorption, however; though an

individual protein can theoretically access the mesopore surface, adsorption

sites may be blocked by other adsorbed proteins within the curved, narrow

pores. Still, we hypothesise the majority of myoglobin adsorption to be internal

to the SBA-15. The estimated external SBA-15 surface areas range from 7 to 9

m2/g. The packing area of myoglobin, from its diameter of 4.1 nm, is

approximately 13.2 nm2. The SBA-15 particles could therefore not support more

than approximately 15 to 18 mg myoglobin per g SBA-15 on their external

surfaces, and myoglobin would likely prefer to adsorb to the internal silica

surface over multilayer external adsorption. However, these possible external

loadings are not insignificant, and may account for up to 6 to 7% of the loading

seen on the 6.6 nm and 8.1 nm SBA-15, and up to 19% of that seen on the 6.1

nm SBA-15.

As seen in Table 2, the surface area of these three SBA-15 batches increases

with increasing pore diameter. Maximum myoglobin loading still increases with
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increasing SBA-15 surface area, although to a more moderated extent.

Interestingly, because each SBA-15 sample has much greater pore volume with

increasing pore diameter, maximum myoglobin loading does not trend with pore

volume. Similar results have been seen where protein loading within SBA-15

pores can be well-described by pore-filling models.113,114 Also interesting is that,

from these experiments, the equilibrium constant Keq is not found to have a

clear relationship with pore diameter; adsorption onto SBA-15 with the 6.6 nm

and the 8.1 nm pores have very similar Keq, while that of the 6.1 nm SBA-15 has

a Keq that is an order of magnitude higher.

3.3.2 Lysozyme adsorption isotherms

Figure 15 – Lysozyme adsorption isotherms on mesoporous silica SBA-15 with different

pore diameters (6.1, 6.6, and 8.1 nm) in phosphate buffer with pH 7.2 and 100 mM ionic

strength. Error bars depict 95% confidence intervals. Solid lines represent the Langmuir

adsorption model.

The adsorption isotherms of lysozyme onto SBA-15 of different pore diameters

in phosphate buffer with pH 7.2 and 100 mM ionic strength are shown in Figure

15 with error bars depicting the 95% confidence intervals. The solid lines depict

the Langmuir model fitted to these data sets. The Langmuir model parameters

extracted from these least-squares fittings for each SBA-15 sample are

displayed in Table 5.
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Table 5 - Langmuir model parameters for isothermal lysozyme adsorption to SBA-15 with

different pore diameters (6.1, 6.6, and 8.1 nm) in phosphate buffer with pH 7.2 and 100

mM ionic strength

SBA-15 pore diameter

(nm)

qm

(mg Mb/

g SBA-15)

Keq

(L/g Lz)

6.1 136 53.1

6.6 229 265

8.1 350 387

In Figure 15, it can be seen that the Langmuir model does not fit the lysozyme

adsorption data as well, with the model exceeding the data’s error bars at some

points. For the two larger pore sizes, the Langmuir model underestimates

lysozyme adsorption at lower concentrations, and the model also does not

account for the continued increase in adsorbed lysozyme at high

concentrations. This may be also attributed to the experiment taking place away

from lysozyme’s isoelectric point: while lysozyme molecules are charged, they

will interact more strongly by repelling each other and attracting more strongly

to the silica surface. These attractive interactions may cause more complete

lysozyme adsorption at low protein concentrations, and also the self-repulsive

effects may be why higher protein concentrations are required to reach

maximum lysozyme packing onto the silica surface.

As expected, larger pore diameters of SBA-15 have higher maximum loading of

lysozyme, qm. Unlike in the myoglobin isotherms of the previous section, the

experimental values of lysozyme adsorption do reach the predicted qm. These

maximum loadings are higher than the respective maximum myoglobin

loadings. Lysozyme is a smaller protein; therefore more lysozyme molecules

can fit into the cross-sectional area of a pore than myoglobin molecules. The

estimated external SBA-15 surface areas, from Section 2.6.3, could not support

more than approximately 13 to 16 mg lysozyme per g SBA-15. We hypothesise

the majority of lysozyme adsorption to be within the SBA-15 pores; the

positively-charged lysozyme would prefer multilayer external adsorption even

less than myoglobin. These external loadings could only account for up to 5 to
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6% of the lysozyme loading seen on the 6.6 and 8.1 nm SBA-15, and up to 10%

of that seen on the 6.1 nm SBA-15. As seen in the previous section with

myoglobin, maximum lysozyme loading increases with increasing SBA-15

surface area, although to a lesser extent. Again, not all surface area represents

available adsorption sites, as other lysozyme may block the surface within the

narrow, curved pores. Maximum lysozyme loading does not trend with pore

volume, supporting the hypothesis that pore volume is the limiting factor of

maximum protein adsorption to SBA-15.

The Langmuir equilibrium constant, Keq, increases significantly with increasing

pore diameter, meaning that lysozyme has greater adsorption affinity for the

silica surface of the larger pores. There is a particularly large increase between

the 6.1 nm SBA-15 and the 6.6 nm SBA-15, which was also seen with the

myoglobin isotherms. The values for Keq for lysozyme on all pore diameters of

SBA-15 are higher than those for myoglobin. This may be because these

adsorption isotherm experiments are carried out at pH 7.2, which is myoglobin’s

isoelectric point. While myoglobin has a net neutral charge, it is not strongly

attracted to the negatively charged surface of the silica. In comparison,

lysozyme’s isoelectric point of 11.3 means it will have a positive charge in a

buffer with pH 7.2. This electrostatic attraction may account for its stronger

affinity for the material. The increased Keq could also be attributed to the smaller

size of lysozyme, which means it has more available sites on the silica surface

to adsorb onto.
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3.3.3 Trypsin adsorption isotherms

Figure 16 - Trypsin adsorption isotherms on mesoporous silica SBA-15 with different

pore diameters (6.6 and 8.1 nm) in phosphate buffer with pH 7.2 and 100 mM ionic

strength. Error bars depict 95% confidence intervals. Solid lines represent the Langmuir

adsorption model.

The adsorption isotherms of trypsin onto SBA-15 of different pore diameters in

phosphate buffer with pH 7.2 and 100 mM ionic strength are shown in Figure 16

with error bars depicting the 95% confidence intervals. The solid lines depict the

Langmuir model fitted to these data sets. The parameters extracted from least-

squares fittings of the Langmuir model are shown in Table 6.

Table 6 - Langmuir model parameters for isothermal trypsin adsorption to SBA-15 with

different pore diameters (6.6 and 8.1 nm) in phosphate buffer with pH 7.2 and 100 mM

ionic strength

SBA-15 pore diameter

(nm)

qm

(mg Mb/

g SBA-15)

Keq

(L/g Tp)

6.6 150 7.32

8.1 271 3.81

Both adsorption isotherms of trypsin onto SBA-15 are described by the

Langmuir model well. The larger pore diameter SBA-15 has a higher maximum
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loading of trypsin, qm. As with the myoglobin isotherms, the experimental values

of trypsin adsorption do not reach the predicted qm; therefore, these values are

extrapolated. These maximum loadings are lower than both the respective

myoglobin and lysozyme loadings. This is to be expected, as trypsin is larger

than both myoglobin and lysozyme, so fewer trypsin molecules can fit within the

same sized pores. The estimated external SBA-15 surface areas, from Section

2.6.3, could support approximately 16 to 19 mg trypsin per g SBA-15; these

external loadings could account for up to 11% of the 6.6 nm SBA-15 trypsin

loading and 7% of the 8.1 nm SBA-15 loading.

The equilibrium constant, Keq, for trypsin on both pore diameters of SBA-15

lower than those found for both myoglobin and lysozyme. This was unexpected,

because trypsin, with an isoelectric point of pH 10.3, is positively charged at pH

7.2 while the silica surface is negatively charged. One would expect Keq values

intermediate to those of myoglobin and lysozyme, which have isoelectric points

of 7.2 and 11.3 respectively, if Keq were based primarily on this electrostatic

attraction. Perhaps trypsin’s Keq values onto SBA-15 are instead lower because

it is a larger protein than both myoglobin and lysozyme, therefore there are

fewer available sites for it to adsorb onto.
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3.3.4 Enzyme adsorption isotherms across a single pore size of SBA-15

Figure 17 - Protein adsorption isotherms on mesoporous silica SBA-15 (8.1 nm) in

phosphate buffer of pH 7.2 and 100 mM ionic strength, for lysozyme, myoglobin, trypsin,

and pepsin. Error bars depict 95% confidence intervals. Solid lines represent the

Langmuir adsorption model.

The adsorption isotherms of lysozyme, myoglobin, trypsin, and pepsin onto

SBA-15 with a pore diameter of 8.1 nm in phosphate buffer with pH 7.2 and 100

mM ionic strength are shown in Figure 17 with error bars depicting the 95%

confidence intervals. Data for the lysozyme, myoglobin, and trypsin isotherms

onto this pore size of SBA-15 are also shown in previous figures, but are

combined here for comparison at one pore size. The solid lines again depict the

Langmuir model fitted to these data sets. The parameters extracted from least-

squares fittings of the Langmuir model are shown in Table 7.
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Table 7 - Langmuir model parameters for isothermal protein adsorption to SBA-15, pore

diameter of 8.1 nm, in phosphate buffer with pH 7.2 and 100 mM ionic strength

Protein
qm

(mg/g SBA-15)

Keq

(L/g)

Lysozyme 350 387

Myoglobin 278 8.62

Trypsin 271 3.81

Pepsin 122 0.731

Comparing the Langmuir model parameters qm and Keq across several proteins,

but on SBA-15 of a fixed pore diameter of 8.1 nm, allow us to draw conclusions

about whether a protein’s size or net surface charge has more of an effect on its

maximum loadings and adsorption affinities onto porous silica. Lysozyme is

both the smallest protein and the most positively charged, while pepsin is both

the largest and most positively charged. The different effects of size and charge

must therefore be seen from the isotherms of myoglobin and trypsin: myoglobin

is second smallest but has no net charge, while trypsin is second largest and is

positively charged.
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Figure 18 – Comparisons of Langmuir model parameters qm and Keq with proteins’ pIs

and hydrodynamic diameters when adsorbed onto SBA-15, pore diameter of 8.1 nm, in

phosphate buffer with pH 7.2 and 100 mM ionic strength

Figure 18 contains four plots of the data in Table 7. They display the maximum

protein loadings and Langmuir adsorption constants as a function of the four

proteins’ pIs and diameters. qm, the maximum protein loading to the pores of

SBA-15, appears to increase with increasing pI. Considering that SBA-15 has a

pzc of 2 and is negatively charged under the conditions of this isotherm, it is

possible that the greater electrostatic attraction that more positively-charged

proteins, such as lysozyme, experience to the silica lead to greater maximum

loadings. qm also increases with decreasing size of the protein. This is

reciprocal to the effect seen with increasing SBA-15 pore diameter across the

isotherms for any one protein. From these data alone, it is not possible to

determine which of these protein characteristics, size or electrostatic charge,

has a greater effect on maximum loadings of protein onto the surface of SBA-

15. The Langmuir adsorption constant, Keq, which represents adsorption affinity,

is not more clearly affected by protein size than by net electrostatic charge. We

might have expected the electrostatic attraction between the proteins and SBA-

15 to have a clearer effect on the adsorption affinity, perhaps with a stronger

affinity being shown for more positively charged proteins, but this is not shown

to be the case from these experiments.
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3.4 Conclusion

In this chapter, the adsorption isotherms of several proteins to several pore

sizes of SBA-15 under one solution condition and at room temperature are

reported. These isotherms are fit to the Langmuir model of adsorption, and the

parameters from this model are compared across the different proteins and

pore sizes. For each protein, maximum protein loading, qm, is found to increase

with increasing pore size. The Langmuir equilibrium constant Keq does not

consistently trend with pore size for the different proteins investigated, but for

lysozyme it increases with increasing pore size. For several proteins adsorbed

on SBA-15 of the same pore size, we find that maximum protein loading, by

mass, increases with decreasing protein size and increasing protein pI. Keq was

not found to clearly trend with either protein size or pI from these experiments.

The clear trends of qm with pore and protein size are consistent with previous

findings, and indicate that more proteins can fit within the larger pores. The

findings also support the hypothesis that the proteins can pack within the pores.

Keq does not trend clearly with either the proteins’ steric confinement within the

pores or their electrostatic attraction to the silica surface across the systems

tested. This may mean that Keq is affected by other features of the proteins

entirely, or that the range of these parameters was not wide enough to generate

conclusions. The effect of electrostatic attraction on equilibrium adsorption has

been shown in previous literature by altering the pH of the adsorption

experiments;113,121 such an extension to the existing experiments would clarify

the effects for these proteins as well, and should be considered as future work.

The isotherms reported in this chapter have been prepared at a neutral pH in

order to inform the experiments involving enzyme activity in Chapters 5, 6, and

7, so that those experiments can take place in the Henry regime, where most of

the enzymes are adsorbed, rather than free in solution.

These experiments support the method of interpreting the equilibrium

adsorption of proteins to SBA-15 through the lens of steric confinement and

describing the process as spheroid proteins packing within cylindrical pores.

The effects of electrostatic attraction between protein molecule and silica

surface, which is the other chaperonin-inspired parameter this thesis

investigates, on protein adsorption is also demonstrated. The next chapter will
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investigate the kinetics of protein adsorption onto SBA-15, again in the context

of the two chaperonin-inspired parameters, to see if electrostatic attraction has

an effect on the rate of adsorption and if steric confinement continues to play an

important role.
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4 Kinetics of protein adsorption on mesoporous silica SBA-15

4.1 Introduction

To understand the dynamics between proteins and the interior surfaces of

mesoporous silica SBA-15, protein adsorption is observed both at

thermodynamic equilibrium and before equilibrium is reached, during the

adsorption process. In both types of experiments, the steric confinement of the

proteins within the pores and the electrostatics experienced by the proteins are

considered while interpreting the results. As previously discussed, chaperonins

have complex interactions with their substrate proteins. However, we are

primarily interested in these two simplified parameters, inspired by our

understanding of chaperonins.

In the previous chapter, protein adsorption on SBA-15 at thermodynamic

equilibrium was found to be strongly influenced by the relationship between the

protein’s size and the pore’s size; more protein could be adsorbed onto SBA-15

with larger pores. The electrostatic attraction or repulsion of the protein to the

silica surface was also shown to influence equilibrium loading in the

experiments presented. This chapter investigates similar questions for the

kinetics of protein adsorption onto SBA-15, particularly concerning how protein

size and charge affect its diffusivity within a pore.

The experiments in this chapter are derived primarily from the work of Lung-

Ching Sang, as described in Chapter 3 of his thesis.121 In his work, Sang

performed experiments to investigate the adsorption kinetics of the protein

lysozyme. In Sang’s experiments, the solutions used for adsorption have a pH

of 7.0, in which lysozyme is positively charged. He also created a theoretical

model to describe lysozyme’s adsorption to SBA-15, taking into account both

the geometry and electrostatics of the system. Sang observed that lysozyme

adsorbed faster to the surface of SBA-15 with larger pores. From this, he

determined that the adsorption process is diffusion-limited. In this chapter, we

perform similar adsorption kinetic experiments on the protein myoglobin.

Myoglobin, as discussed in Section 1.3.2, is a larger protein than lysozyme.

More importantly, myoglobin has a net neutral charge at pH 7.0. These

experiments should strengthen Sang’s conclusion of protein adsorption being
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diffusion-limited at this length scale, and the lack of electrostatic attraction

between myoglobin and the silica surface should help investigate the broader

applicability of his kinetic adsorption model. More practically, these experiments

also show how quickly we can expect proteins to fully physically adsorb onto the

surface of SBA-15 for our work on enzyme immobilisation in future chapters.

4.2 Materials and methods

4.2.1 Myoglobin adsorption on mesoporous silica SBA-15 over time

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), and myoglobin from equine heart (≥90%, essentially salt-free, 

lyophilized powder) were purchased from Sigma-Aldrich and used without

further purification. Mesoporous silica SBA-15 was prepared and characterised

as discussed in Chapter 2. In this chapter, SBA-15 samples are referred to by

their pore diameters. UV-Vis was carried out using a BioTek Synergy H1 Multi-

Detection Reader.

To study the kinetics of protein adsorption onto SBA-15 with different pore

diameters, myoglobin was adsorbed onto SBA-15 batches and the adsorptions

were monitored over time. These experiments were performed with SBA-15

with 6.1 or 8.1 nm pore diameter; the 6.6 nm SBA-15 sample was not included.

4 g/L of SBA-15 was prepared in 25 mM sodium phosphate buffer, pH 7.0. This

buffer had an ionic strength of approximately 51 mM, which is weaker than

those used Chapters 3, 5, 6, and 7. This discrepancy is so that the experimental

results can be compared with data taken from Sang’s thesis.121 This dispersion

was sonicated for 10 minutes in order to obtain a well-dispersed SBA-15

mixture. 2 g/L myoglobin was also prepared in 25 mM sodium phosphate buffer,

pH 7.0. Equal volumes of well-dispersed SBA-15 and myoglobin solutions were

mixed, for initial concentrations of 2 g/L SBA-15 and 1 g/L myoglobin. As soon

as these two solutions were mixed, myoglobin rapidly began to adsorb onto the

silica surface.

In the adsorption kinetics experiments, the mixtures were continuously shaken

at room temperature. Myoglobin adsorption over time was monitored by taking

an aliquot from the adsorption mixture into a microcentrifuge tube every 10

minutes for the first two hours, and every 20 to 30 minutes thereafter. A final
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equilibrium measurement was also taken after 24 hours. These samples were

centrifuged at 12,000 rpm for 5 minutes to separate solid myoglobin/SBA-15

composites from the myoglobin solution. The supernatant concentrations of

myoglobin were measured by UV-Vis at 280 nm, and compared to a myoglobin

calibration curve calculated using the Beer-Lambert law, as described in

Section 3.2.2. The amount of myoglobin adsorbed on SBA-15 was then

calculated from a mass balance. Each adsorption experiment was performed in

triplicate.

4.2.2 Diffusion-limited adsorption kinetics

Protein adsorption onto mesoporous silica is hypothesised to be a complex,

multi-step process. As with other porous sorption processes, the four

consecutive kinetic steps are considered to be: transport in the bulk solution;

diffusion across the film surrounding the sorbent particles; diffusion in the pores

of the sorbent; and sorption and desorption on the solid surface.167 We

hypothesise that protein diffusion within the SBA-15 pores would be the

slowest, due to the steric confinement of the protein down the very long pores.

While some protein will likely adsorb onto the exterior surface of the SBA-15

particles, the majority of the silica surface is within the pores of the SBA-15, as

discussed in Section 2.6.3. Therefore, the intraparticle diffusion is assumed to

be the rate-limiting step. The intraparticle diffusion-limited adsorption kinetics

model used to describe protein adsorption onto SBA-15 in this chapter is seen

in Equation 6.167,168

Equation 6 – Intraparticle diffusion-limited adsorption kinetics model

௧ݍ
ݍ
= 1 −

6

ଶߨ
exp(

ଶߨݐܦ−
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)

where qt (mg/g) is the amount of adsorbed protein at any given time, t (s) and qe

(mg/g) is the amount of protein adsorbed at equilibrium. D (m2/s) is the

diffusivity within the pore, and r (m) is the half-length of the pore. For all SBA-15

samples, the particles were approximately 1 µm in length, so r is taken as

5x10-7 m. This model is also known as the homogenous solid diffusion model

(HSDM), and describes mass transfer in an amorphous and homogeneous

sphere.167,168 Clearly, the geometry of the SBA-15 system is different, but this
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model should give us an indication of the diffusivities the proteins experience

within the restricted pore of the material. Equation 6 is considered valid at long

times, i.e. when qt/qe is greater than 0.3.167,168 At short times, the HSDM

reduces to a form where qt is proportional to the square-root of t, which is a

more common feature of diffusion-limited kinetics.

Diffusion coefficients of proteins including BSA and cytochrome c, free in

solution, have been experimentally determined to be on the order of 10-11

m2/s.169 Diffusivities of proteins such as BSA onto Spherodex pores, calculated

with an intraparticle diffusivity model, were found to be on the order of 10-19

m2/s.170,171 We would therefore expect the diffusivities extracted from the

intraparticle diffusion model to fall somewhere between these orders of

magnitude, likely closer to that of proteins diffusing within pores. Typically,

diffusivity of a solute within a solvent is dependent on things such as

temperature, the particle size, and the solution’s viscosity. Holding these

parameters constant, we would expect to see decreased protein diffusivity

within smaller pores of SBA-15. Furthermore, comparing the diffusivities of

myoglobin to those of lysozyme adsorbed under the same temperature and

solution conditions may indicate if a protein with a net positive charge diffuses

faster through a negatively-charged silica pore than a neutral protein does.
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4.3 Results and discussion

4.3.1 Myoglobin adsorption kinetics onto SBA-15 with different pore

sizes

Figure 19 – Myoglobin adsorption to SBA-15 with pore diameters of 6.1 or 8.1 nm over

time in 25 mM phosphate buffer pH 7.0. Error bars depict 95% confidence intervals. Solid

lines depict the intraparticle diffusion-limited adsorption model.

In 25 mM phosphate buffer, pH 7.0, myoglobin adsorbs to the surface of the

SBA-15 samples over the period of several hours. The mass of myoglobin

adsorbed over time onto SBA-15 with pore diameters of 6.1 or 8.1 nm are

shown in Figure 19. Not shown in this figure are the adsorption data points

taken after 24 hours; the equilibrium myoglobin loading onto SBA-15 with a 6.1

nm pore diameter after 24 hours is found to be 98.7 mg myoglobin per g SBA-

15, and onto SBA-15 with 8.1 nm pore is 263 mg myoglobin per g SBA-15.

More than twice as much myoglobin can adsorb to the larger pores of the 8.1

nm SBA-15 sample than did to the 6.1 nm sample. This result is corroborated

by the discrepancies in maximum myoglobin loadings at equilibrium for different

pore sizes of SBA-15 as discussed Section 3.3.1. Those experiments, however,

were undertaken in solutions of a different pH and ionic strength, and therefore

those maximum myoglobin loadings cannot be directly compared with these

experiments. The solid lines in Figure 19 show the intraparticle diffusion-limited

adsorption model, fit to the data via sum of least squares. It can be seen that
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the model fits within the 95% confidence intervals of the adsorption data. The

parameters extracted from these fittings are found in Table 8.

Table 8 – Intraparticle diffusion-limited kinetics parameters for myoglobin adsorbed onto

SBA-15 samples with pore diameters of 6.1 or 8.1 nm, in 25 mM phosphate buffer pH 7.0

SBA-15 pore diameter

(nm)

qe

(g Mb/g SBA-15)

D

(m2/s)

6.1 87.1 1.40x10-17

8.1 252 4.19x10-17

The qe values extracted from the intraparticle diffusion-limited kinetics model

are close to the experimental equilibrium adsorption quantities found after 24

hours, but this model underestimates these values. Myoglobin’s unconstrained

diffusivity in aqueous solution, calculated from the Stokes-Einstein equation is

1.20x10-10 m2/s.172 As stated in Section 4.2.2, experimental diffusion coefficients

for proteins in pores are much smaller; the diffusivities reported in Table 8 are of

a reasonable order of magnitude when compared to this literature. The

intraparticle diffusivity, D, is found to be larger for myoglobin adsorbing onto the

larger pore size of SBA-15. This indicates that myoglobin can diffuse about

three times more quickly within a slightly larger pore. Since temperature,

solution viscosity, and protein size remain constant between these two

experiments, the decreased diffusivity seen in the smaller pores of SBA-15 is

likely due to steric hindrance within the pore.

4.3.2 Comparison of myoglobin and lysozyme adsorption kinetics

Comparing the kinetics of adsorption of proteins with net-positive and net-

neutral electrostatic charge onto the negatively-charged porous surfaces of

SBA-15 may indicate if electrostatics has a significant effect on adsorption

rates. To this end, data reported by Sang concerning the adsorption of

lysozyme onto SBA-15 of different pore diameters is examined here. These

SBA-15 batches were prepared using the same method described in Section

2.5.1; the batches had hydrothermal ageing steps at 40 °C and 75 °C, and had

NLDFT-calculated average pore diameters of 5.9 nm and 7.3 nm
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respectively.121 The diffusion-limited kinetics model has been fit to these data

via a least-squares method to support this thesis.

Figure 20 – Lysozyme adsorption to SBA-15 samples with pore diameters of 5.9 or 7.3 nm

over time in in 25 mM phosphate buffer pH 7.0. The solid lines depict the diffusion-limited

model.

The mass of lysozyme adsorbed over time to SBA-15 with pore diameters of 5.9

or 7.3 nm, as reported by Sang, is shown in Figure 20. The method for

determining the error bars for these data sets was not stated in his thesis. Data

were not collected at 24 hours, so the equilibrium lysozyme adsorption cannot

be confirmed in this way as it was in the myoglobin experiments. Lysozyme

adsorption to SBA-15 with a 5.9 nm pore diameter was found to be 101 mg

lysozyme per g SBA-15 after 17 hours. Lysozyme adsorption to SBA-15 with a

7.3 nm pore diameter was found to be 243 mg lysozyme per g SBA-15 after 14

hours. The data collected between 7 hours and the final data collection for both

SBA-15 samples are omitted from Figure 20 for clarity, but are included for

model fitting. More than twice as much lysozyme adsorbed to the surface of the

7.3 nm SBA-15 sample than did to the 5.9 nm sample at their final time points.

This result is qualitatively comparable to the adsorption isotherms reported in

Section 3.3.2. The solid lines in Figure 20 show the intraparticle diffusion-limited

adsorption model, fit to the data via sum of least squares. The model appears to

underestimate the initial lysozyme adsorption, overestimate adsorption in an
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intermediary period, and then underestimate the equilibrium lysozyme

adsorption. The parameters extracted from this fitting are found in Table 9.

Table 9 - Intraparticle diffusion-limited kinetics parameters for lysozyme adsorbed onto

SBA-15 samples with pore diameters of 5.9 or 7.3 nm in 25 mM phosphate buffer pH 7.0

SBA-15 pore diameter

(nm)

qe

(g Lz/g SBA-15)

D

(m2/s)

5.9 95.0 1.50x10-17

7.3 231 1.78x10-17

The qe values extracted from the intraparticle diffusion-limited kinetics model,

are close to the experimental equilibrium adsorption quantities, but this model

underestimates these values. Lysozyme’s unconstrained diffusivity in aqueous

solution, calculated from the Stokes-Einstein equation is 1.26x10-10 m2/s.172 This

is very slightly smaller than that of myoglobin, due to lysozyme’s smaller

diameter. The intraparticle diffusivities, D, reported in Table 9 for lysozyme, are

not smaller than those reported for myoglobin in Table 8, but this small

difference may be obscured by the greater effects the different pore diameters

have on the proteins’ diffusivities. D is found to be slightly larger for lysozyme

adsorbing onto the larger pore size of SBA-15. This is a smaller increase than

was seen with myoglobin diffusing within different sized pores, even taking into

account the smaller pore size discrepancy in the lysozyme experiments.

As previously mentioned, myoglobin has an isoelectric point of pH 7.2 and has

net neutral charge in these experiments. Lysozyme’s isoelectric point is pH

11.3, so it has a net positive charge under these experimental conditions. We

do not see a significant difference in diffusivities within the pore of the SBA-15

between these proteins under the solution conditions tested. In these limited

cases, electrostatic attraction does not appear to affect the diffusivity of proteins

within the pores of SBA-15.

4.4 Conclusion

In this chapter, experiments investigating the rate at which myoglobin adsorbs

onto SBA-15 of two different pore sizes has been reported. Myoglobin is found



82

to adsorb significantly faster onto SBA-15 with a larger pore size, supporting the

hypothesis that protein adsorption is diffusion-limited. A model representing

intraparticle diffusion-limited adsorption kinetics has been fitted to this data, and

has also been fit to literature data of lysozyme adsorbed to SBA-15 of similar

pore diameters under the same solution conditions. Myoglobin’s intraparticle

diffusivities were comparable to those of lysozyme, despite myoglobin having a

net neutral charge at this pH while lysozyme has a net positive charge. This

observation appears to indicate that electrostatic attraction between protein and

silica pore does not affect a protein’s intraparticle diffusivity. A conclusion that

electrostatics would have no effect on a protein’s diffusivity in mesopores

cannot be drawn, due to how few systems the hypothesis has been tested on.

By performing similar adsorption kinetics experiments on myoglobin and

lysozyme under different solution conditions, varying pH and ionic strength, this

hypothesis could be better tested. Other proteins could also be investigated by

the same methodology to generalise these relationships.

This chapter and the previous one have indicated that protein adsorption to the

pores of SBA-15 can be described by and predicted with simple geometric

models. Both kinetically and at equilibrium, steric confinement of proteins within

the pores has a significant effect on protein adsorption, while electrostatics is

not found to have demonstrable effects from the experiments with myoglobin at

neutral pH. These are surprising findings, considering the importance of

electrostatics in the chaperonins we take as a source of inspiration, and the

experiments with positively-charged lysozyme. However, the pores of SBA-15

are orders of magnitude longer than the central cavity of chaperonins, which

might be why steric effects play a more important role. In Chapters 5, 6, and 7,

the enzymatic activity of proteins adsorbed to the pores of SBA-15 will be

investigated, again in the context of steric confinement and electrostatic

interactions, in order to extract fundamental, applicable understanding about

how nature stabilises proteins from unfriendly environments via chaperonin

complexes.
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5 Peroxidase activity of myoglobin immobilised on
mesoporous silica SBA-15

5.1 Introduction

In the previous two chapters, this thesis investigates the process by which

proteins physically adsorb to mesoporous silica SBA-15. In keeping with

previous studies on the protein lysozyme, it has been demonstrated that the

protein myoglobin diffuses more quickly through larger pores of SBA-15. It has

also been shown that, across several proteins, more protein can be adsorbed to

SBA-15 with larger pore volumes. We also see that more of a smaller protein

can be loaded onto SBA-15 of a given pore size than of a larger protein. These

experiments have confirmed our understanding of protein adsorbed to SBA-15

using current geometric models, and have given us practical information about

the loading times and concentrations necessary for designing future

experiments.

The overarching aim of this thesis is to better understand how enzymes interact

with silica mesopores comprehensively, including the monitoring of the

enzymes’ structures and functions. This aim is guided by what we know about

chaperonin complexes: that their charged, narrow pores stabilise proteins from

unfolding due to unfavourable conditions. To this end, the next few chapters

investigate the activity of enzymes immobilised to SBA-15 under a range of

solution conditions. In chaperonins, the proteins that are stabilised within the

complex are not involved in biocatalysis whilst inside the pores. However, this

line of investigation will both tell us more about the condition of the proteins

attached to the pore walls of SBA-15, and further our application goal of

improving enzyme immobilisation for biochemical manufacturing processes. In

the kinetic and equilibrium adsorption experiments of the previous chapters, we

have seen that the geometric models can accurately explain, and therefore

predict, protein adsorption to SBA-15. This and future chapters will investigate if

the effects of immobilisation on an enzyme’s activity can be predicted with

similarly straightforward geometric models, or if other factors, such as

electrostatic attraction, become more influential in this context.

In this chapter, the enzyme immobilised to SBA-15 is myoglobin. As previously

discussed in Section 1.3.2, myoglobin is a well-characterised and easily
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obtainable model enzyme that has a hydrodynamic diameter of approximately

4.1 nm and an isoelectric point of pH 7.2. In vivo, myoglobin is not classified as

an enzyme; it functions as an oxygen transport protein. However, myoglobin

can act as a peroxidase in vitro, and its peroxidase activity can easily be

quantified via a colorimetric assay. Myoglobin has a net neutral charge in many

solutions in which it is stable and active, due to its neutral isoelectric point,

which means that the contributions of steric and electrostatic effects can be

more easily separated in the following experiments.

The activity of free or immobilised myoglobin, as determined by activity assay,

is used as a proxy for understanding the condition of the protein: its maintained

structure and requisite flexibility, or even where these conditions have been

improved. It is a useful method for quantifying the protein’s condition because

the ultimate application of this thesis is to improve the catalytic activities of

immobilised enzymes for industrial manufacturing processes. However, the

insights that activity assays can truly provide concerning immobilised

myoglobin’s structure and freedom are limited by complicating factors. Chief

among these is the concern that enzyme may adsorb to the silica in such a way

that its active site is blocked and inaccessible by substrate molecules.77,173

5.2 Materials and methods

5.2.1 Myoglobin peroxidase assay

Hydrogen peroxide solution (ACS reagent, 30 wt%), 2,2’-Azino-bis(3-

ethylbenzothiazoline-6-sulfonic acid) diammonium salt (≥98% (HPLC)) (ABTS), 

sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), glacial acetic acid (ACS reagent, ≥99.7%), and sodium acetate 

(≥99%, anhydrous) were purchased from Sigma Aldrich. UV-Vis was carried out 

using the absorbance mode of a BioTek Synergy H1 Multi-Detection Reader.
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Figure 21 - Oxidation of 2,2’-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) by

hydrogen peroxide to a coloured cation, catalysed by myoglobin

The peroxidase activity of myoglobin was quantified via colorimetric assay; the

oxidation of ABTS is catalysed with myoglobin as a peroxidase.137,174 As in most

spectrophotometric enzyme assays, the initial, linear rate of reaction was

monitored. This corresponds to the maximal catalysed reaction rate, before

enough substrate is consumed to slow the rate of reaction.

The ABTS salt was dissolved in deionised water to produce a 50 mM solution,

which is kept away from light when not in use. Dilute ABTS is clear to slightly

yellow in solution, but oxidises to a metastable radical cation which has a dark

green-blue colour and several characteristic peaks of absorbance. Though

oxidised ABTS’s maximal absorbance peak is at 414 nm, this peak’s proximity

to myoglobin’s characteristic peak of 409 nm necessitates the use of an

alternative peak, at 725 nm, for this assay. The hydrogen peroxidase solution

was diluted to 1 wt% with deionised water.

The reaction components were mixed in the wells of 96-well microplates: for a

300 µL reaction mixture, 10 µL of 50 mM ABTS solution, 30 µL of 1 wt%

hydrogen peroxide solution, and 30 µL of myoglobin-containing sample were

mixed in 230 µL of buffer. For the pH protection experiments, outlined in a

subsequent section, the reaction buffers were the same buffers used to produce

unfavourable pH conditions. The reaction mixture was observed at 725 nm for

two minutes. Activity was then normalised by enzyme loading onto the

composite material. Thus activity was quantified in units of absorbance per

second per g/L myoglobin.

It is worth considering if the ABTS substrate experiences significant mass

diffusion limitations within the pores of the SBA-15 that may affect the utility of

this colorimetric assay, which takes place on the order of minutes. Small
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molecules have been shown to experience restricted diffusivity within

mesopores. A wide variety of molecules with diameters on the order of 1 nm

were found to diffuse through silica-alumina pores, with average pore diameters

of different samples ranging from 4 to 15 nm, with diffusivities on the order of

10-9 to 10-11 m2/s.175,176 With diffusivities of this order of magnitude, one could

expect small molecules, including substrates such as ABTS, to diffuse within

the 1 µm long pores of SBA-15 within milliseconds. It is possible that substrate

diffusion may be further impacted by adsorbed myoglobin partially blocking the

pores and making them even narrower. However, the myoglobin loading onto

SBA-15 is very low, as will be discussed in the results section. Further, the

substrate is likely to be oxidised when it encounters an adsorbed myoglobin

within a pore, rather than trying to pass by it.

As mentioned in the introduction, this activity assay does not give direct insight

into immobilised myoglobin’s conformation, as low activity may mean its active

site is blocked by the pore wall. An additional complicating factor with the use of

myoglobin as a model enzyme is the presence of its prosthetic haem group.

Myoglobin’s peroxidase activity relies on access to the haem, but even a haem

group that has dissociated from myoglobin can give rise to peroxidase activity.17

High activity can therefore not be directly correlated to myoglobin retaining its

native conformation.

5.2.2 Myoglobin protection from the protease pepsin

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), glacial acetic acid (ACS reagent, ≥99.7%), sodium acetate 

(≥99%, anhydrous), myoglobin from equine heart (≥90%, essentially salt-free, 

lyophilized powder), and pepsin from porcine gastric mucosa (powder, ≥400 

units/mg protein) were purchased from Sigma-Aldrich and used without further

purification. A different batch of SBA-15 is used in these experiments than those

described in Chapter 2; this batch is also prepared with the same conventional

method described, and a hydrothermal ageing step at 40 °C. It has an NLDFT

pore diameter of 5.9 nm. We assume similar particle dimensions, surface area,

and porosity for this batch, but these characteristics are unavailable.
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To test the protective effects of SBA-15 on immobilised enzyme,

myoglobin/SBA-15 composites were prepared and exposed to the protease

pepsin at a range of pH conditions. These experiments were originally designed

with the view of developing SBA-15 in its capacity as a drug delivery material,

which is an application that has been given considerable attention.177,178 Pepsin,

and also trypsin, are present in the human digestive tract, as are low pH

conditions. Investigating SBA-15’s ability to protect a cargo protein from these

conditions was desirable. Although the direction of this research has since

changed, these experiments are included in this thesis because they

demonstrate changes in myoglobin stability upon immobilisation onto SBA-15.

Myoglobin/SBA-15 composites were initially prepared with a target loading of 50

mg myoglobin per g SBA-15 in 25 mM phosphate buffer pH 7.2 via the physical

adsorption method described in Section 3.2.1. After myoglobin adsorbed to the

SBA-15 over 24 hours, the solutions were centrifuged at 12,000 rpm for 5

minutes, and the supernatants and pellets were separated. The supernatants

were saved and later measured with UV-Vis to determine enzyme loading. The

pellets were re-suspended to 2 g/L in 25 mM acetate buffers with pH values of

3.6, 4.1, 4.6, or 5.1, or 25 mM phosphate buffer pH 6.3. In these experiments,

the buffers were adjusted to their final pH with sodium hydroxide and

hydrochloric acid. This means the ionic strengths of the different buffers were

not identical. After the myoglobin/SBA-15 composites were agitated for 24

hours at room temperature, they were centrifuged again. The supernatants

were saved and measured with UV-Vis to determine enzyme leaching. The

pellets were re-suspended in the same buffers and their enzymatic activities

were measured via peroxidase assay, described in the previous section. Each

sample was prepared and measured in triplicate.

These experimental conditions were replicated for 0.1 g/L solutions of free

myoglobin in the same series of buffers, as controls. In these experiments,

lyophilised myoglobin and, sometimes, pepsin, were suspended directly into the

acetate or phosphate buffers of varying pH values, and agitated for 24 hours at

room temperature. Then, the solutions’ enzymatic activities were quantified via

peroxidase assay.
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5.2.3 Myoglobin pH protection

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), glacial acetic acid (ACS reagent, ≥99.7%), sodium acetate 

(≥99%, anhydrous), and myoglobin from equine heart (≥90%, essentially salt-

free, lyophilized powder) were purchased from Sigma-Aldrich and used without

further purification. Mesoporous silica SBA-15 was prepared and characterised

as discussed in Chapter 2, and the SBA-15 samples are referred to by their

pore diameters.

To further test the protective effects of SBA-15 on immobilised enzymes,

myoglobin/SBA-15 composites were prepared and exposed to unfavourable pH

conditions. In these experiments, unlike in the pepsin experiments, all buffer

solutions had an ionic strength of 100 mM. Consistent ionic strength is

important, because enzyme activity is very sensitive to the ionic strength of the

solution. Acetate buffers were prepared by mixing a 100 mM solution of acetic

acid and a 100 mM solution of sodium acetate to make buffers with final pH

values of 3.6, 4.1, 4.6, 5.1, and 5.6. Phosphate buffers were prepared by mixing

a 100 mM solution of sodium phosphate monobasic and a 33.3 mM solution of

sodium phosphate dibasic to make buffers with final pH values of 5.6, 6.1, 6.6,

and 7.6.

Myoglobin/SBA-15 composites were initially prepared with a target loading of 50

mg enzyme per g SBA-15 in phosphate buffer, pH 7.2, with an ionic strength of

100 mM. After the enzyme adsorbed to the SBA-15 over 24 hours, the solutions

were centrifuged at 12,000 rpm for 5 minutes, and the supernatants and pellets

were separated. The supernatants were saved and later measured with UV-Vis

to determine enzyme loading. The pellets were re-suspended to 2 g/L in either

acetate or phosphate buffers of varying pH, but all with an ionic strength of 100

mM. After the myoglobin/SBA-15 composites were agitated for 24 hours at

room temperature in various buffers, they were centrifuged again. The

supernatants were saved and measured with UV-Vis to determine enzyme

leaching. The amount of leached myoglobin is taken into account in the specific

activity calculations; myoglobin in the supernatant at this step is washed out of

the sample before the assay takes place. The pellets were re-suspended in the

fresh buffers of the same, varying pH values, and their enzymatic activities were
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measured via the peroxidase assay described previously. Each combination of

pore size and pH was prepared and measured in triplicate.

These experimental conditions were replicated for 0.1 mg/mL solutions of free

myoglobin in the same series of buffers, as controls. In these experiments,

lyophilised myoglobin was suspended directly into the acetate or phosphate

buffers of varying pH values, and agitated for 24 hours at room temperature.

Then, the solutions’ enzymatic activities were measured via peroxidase assay.

5.3 Results and discussion

5.3.1 Protease protection of immobilised myoglobin

In these experiments, myoglobin immobilised onto SBA-15 samples are

exposed to the protease pepsin at a range of pH conditions, and then their

peroxidase activities are measured by assay. These data are compared to the

activities of myoglobin, free in solution, that are exposed to pepsin at a range of

pH conditions. These experiments are performed to probe for possible

protective effects of SBA-15 on immobilised enzyme from protease.

Figure 22 – Peroxidase activity of free myoglobin and myoglobin immobilised on SBA-15

with a pore diameter of 5.9 nm that have been exposed to pepsin, in solutions with pH

values of 3.6 to 6.3. Error bars depict 95% confidence interval.

Figure 22 displays the peroxidase activity of myoglobin in phosphate or acetate

buffer of various pH values that has been exposed to pepsin for 24 hours,
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normalised to that of myoglobin in the same buffer which has not been exposed

to pepsin. Figure 22 also displays the peroxidase activity of myoglobin

immobilised to SBA-15 with a pore diameter of 5.9 nm that has been exposed to

pepsin for 24 hours, normalised to that of similarly immobilised myoglobin that

have not been exposed to pepsin. Error bars depict the data’s 95% confidence

interval. Activity is normalised at each pH value because, in this method, the

reaction mixtures are not held to a constant ionic strength. Therefore, absolute

activity values cannot be meaningfully compared between the different pH

values.

Pepsin cleaves amino acid chains optimally between pH 1 and 4; therefore, we

would expect exposed myoglobin’s relative activity to drop as pH decreases

towards these values. This effect on absolute peroxidase activity is obscured by

the fact that myoglobin denatures even without the assistance of pepsin at low

pH; because the activity of free myoglobin decreases in more acidic conditions,

the decrease in activity attributed only to the presence of pepsin is less

pronounced. Experiments involving a protease that functions under neutral

conditions, trypsin, were also performed, in an attempt to avoid this obscuring

effect. However, trypsin was not found to sufficiently proteolyse myoglobin. The

data in Figure 22 confirm that the presence of pepsin significantly attenuates

the activity of free myoglobin, which serves as our basis of comparison for

immobilised myoglobin’s protease protection.

SBA-15-immobilised myoglobin that has been exposed to pepsin displays

peroxidase specific activity within error of that of immobilised myoglobin that

has not been exposed to pepsin at all pH values tested, except for pH 6.3. At all

other pH values, confinement to SBA-15 effectively protects myoglobin from

being digested by pepsin. This may be because pepsin cannot easily enter

SBA-15 pores that have myoglobin loaded within them. The pore diameter is

5.9 nm while myoglobin’s diameter is 4.1 nm and pepsin’s is 5.1.138 Though this

is a nominally sufficient pore diameter for pepsin to enter, we have seen from

Figure 17 in Section 3.3.4 that much less pepsin is able to adsorb onto SBA-15

than myoglobin, and that result is for adsorption onto SBA-15 with a pore size of

8.1 nm. Alternatively, or in conjunction, it’s possible that the strong electrostatic

attraction between myoglobin and the silica surface at lower pH values prevents
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pepsin from accessing and hydrolysing myoglobin’s hydrophobic residues. It is

possible that these protective effects are not observed at pH 6.3 because this

higher pH approaches the pI of myoglobin; close to its pI, more myoglobin will

leach off of the SBA-15 and be vulnerable to proteolysis by pepsin, perhaps

leading to the lower normalised activity observed.

Pepsin has been seen to increase myoglobin’s peroxidase activity under certain

conditions for a lipid hydroperoxide substrate. Mild proteolysis near pH 4 was

hypothesised to liberate smaller, haem-containing fragments from myoglobin

that still catalysed the substrate while also being more mobile.179 Such an effect

is not seen in these experiments for free myoglobin, because when exposed to

pepsin near pH 4 it has less than 100% activity. It is not clear why high activity

for immobilised myoglobin exposed to pepsin, exceeding that of immobilised

myoglobin not exposed to pepsin, is observed.

5.3.2 pH protection of immobilised myoglobin

Myoglobin immobilised on SBA-15 of different pore diameters is exposed to a

range of pH conditions, and then the samples’ peroxidase activities are

measured by assay at that pH. This is done to examine the relationship

between pH and immobilised enzyme activity, and probe for possible protective

effects of SBA-15 on the immobilised enzymes from denaturing pH conditions.

As in the pepsin experiments of the previous section, myoglobin loading onto

SBA-15 is targeted for 50 mg enzyme per g SBA-15, which results in a wide

spacing of myoglobin molecules that are even more isolated when in SBA-15

with larger pores.

For confined samples, myoglobin loading onto SBA-15 is targeted for 50 mg

enzyme per g SBA-15. Using the textural parameters of the SBA-15 batches

derived from gas physisorption and reported in Section 2.6.2, we can state that

this myoglobin loading corresponds to one myoglobin molecule for every 300

nm2 of SBA-15 surface area for the smallest pore diameter and one for every

400 nm2 for the largest pore diameter. For reference, one myoglobin molecule

has a hydrodynamic packing area of approximately 13 nm2. This loading also

corresponds to one myoglobin molecule for every 290 nm3 of pore volume, at

the smallest pore size, and one molecule for every 640 nm3 for the largest pore
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size. For comparison, myoglobin’s hydrodynamic volume is approximately 36

nm3. By either measure, we can see that the myoglobin molecules are spaced

quite far from neighbouring molecules, and are more isolated in SBA-15 with

larger pores.

Figure 23 – Peroxidase activities of free myoglobin and myoglobin immobilised to

mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) in solution pH 3.6 to

7.6, 100 mM ionic strength. pH values to the left of the dashed line take place in acetate

buffer while those on the left are in phosphate buffer. Inset is magnified x5. Error bars

depict 95% confidence interval.

Figure 23 shows the peroxidase activity of free myoglobin, as well as that of

myoglobin immobilised on SBA-15 of different pore diameters. The activity is

shown in arbitrary units relating to the rate of the peroxidase reaction

(absorbance per second) divided by the concentration of myoglobin in the

sample (g/L). Error bars depict the 95% confidence interval of each activity

value. Small amounts of myoglobin leaching are observed while the samples

are left in the test buffer for 24 hours, which is accounted for in specific activity

calculations. At pH 5.6, both phosphate and acetate buffers are used, and the

sample’s activities are generally found to be within error of one another. This

alone is a useful finding, as it suggests that the buffer salt used does not have a

significant effect on the enzyme’s activity.

As mentioned in Section 1.3.2, myoglobin can function as a peroxidase by

virtue of its prosthetic haem group, which several other types of peroxidases
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share. The embedding of the haem group in myoglobin is different from those

found in native peroxidases, leading to generally lower peroxidase activity.137 In

the ABTS assay, oxygen is bound and released from the haem group, so the

positioning of the hydrophobic side chains near the haem, and myoglobin’s

overall three-dimensional structure, is important for its function. However, a

direct link cannot be claimed between native myoglobin structure and optimal

peroxidase activity, as a partially unfolded myoglobin may make the haem

group more accessible. This is evidenced by the highest peroxidase activity of

myoglobin being found at pH 5.6 in Figure 23, not at myoglobin’s physiological

pH of 7.2. Control experiments using haem groups not bound to myoglobin

could perhaps help clarify these results.

This optimal peroxidase activity found at pH 5.6 drops off slowly at more

alkaline pH values, but rapidly at more acidic pH values. The quick drop in

activity may be attributed to the denaturation of myoglobin due to low pH. We

can also see that, for this set of experiments, pH protection does not appear to

be affected significantly by the SBA-15’s pore size. Immobilisation onto SBA-15

does not improve myoglobin’s peroxidase activity at all pH values tested.

However, confinement to SBA-15 does shift the effective activity range of

myoglobin to more acidic pH values.

Figure 24 – Normalised peroxidase activities of free myoglobin and myoglobin

immobilised to mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) from

solution pH 3.6 to 7.6, 100 mM ionic strength. Error bars depict 95% confidence interval.
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Figure 24 depicts the same data, shown normalised to the activity of the free

myoglobin at each pH value. The error bars, which depict the 95% confidence

interval, show the compounded error of both free and confined samples for

each data point. The activity of confined myoglobin surpasses that of free

myoglobin at low pH values, with dramatic protection of up to 350%. This

indicates that confined myoglobin is protected, to some extent, from denaturing

due to the acidic environment. Immobilised myoglobin does not enjoy this

protective effect at pH values above 5.1. From this graph we can see that

myoglobin immobilised on SBA-15 performs far worse than myoglobin free in

aqueous solution and at its optimal pH. The reason for this is uncertain; perhaps

confinement prevents accessibility to the haem group or it requisite flexibility.

Focusing solely on the acidic pH range where immobilised myoglobin’s activity

exceeds that of free myoglobin, we can see in Figure 24 that the protective

effect appears to diminish as the pH drops. It also clearly shows that the activity

of myoglobin immobilised to SBA-15_6.1 nm is significantly lower than that of

the two other immobilised samples at pH values below 4.1.

Figure 25 - Amount of initially-loaded myoglobin leached from mesoporous silica SBA-15

(pore diameters of 6.1, 6.6, and 8.1 nm) after 24 hours in solutions pH 3.6 to 7.6, 100 mM

ionic strength. Error bars depict 95% confidence intervals.

Some myoglobin leaching is observed while the samples are left in the test

buffer for 24 hours, which is accounted for in specific activity calculations.

Figure 25 depicts the percent of initially-loaded myoglobin that is leached from
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the different batches of SBA-15 from each buffer. Myoglobin leaching remains

under 15% for almost all SBA-15 samples in most batches. It is unclear why the

6.1 nm SBA-15 experiences an unusually high amount of myoglobin leaching in

acetate buffer with a pH of 5.6; the high leaching does match the trends of the

other two S or that of the 6.1 nm SBA-15 at other pH values. More leaching is

observed from all SBA-15 at the higher pH values of 7.2 and 7.6. This is to be

expected, as myoglobin has a net neutral charge near these pH values and is

not as strongly attracted to the negatively charged silica surface. These data

are also helpful in confirming that the different SBA-15 batches have similar

surface charge profiles; if the profiles were different, then their leaching profiles

would also differ.

In Figure 25, solutions with pH less than 5.6 are prepared in acetate buffer, and

solutions with pH greater than 5.6 are prepared in phosphate buffer. For two of

the three SBA-15 batches, the buffer salt used at pH 5.6 does not have a

significant influence on the leaching of myoglobin from the material. For the 6.1

nm pore diameter SBA-15, leaching is approximately 10% less in phosphate

buffer than in acetate buffer. Despite this difference, the specific activities of

these samples are within error of each other when leaching is taken into

account.

The results of the experiments concerning the pH protection of immobilised

myoglobin, shown in Figure 23, Figure 24, and Figure 25, give insight into the

relative importance of different aspects of the immobilisation material. The data

indicate that pore diameter does not play a significant role in pH protection,

which contradicts the original hypothesis. However, it does indicate that the pH

of the solution affects immobilised myoglobin’s activity in a more significant way

than anticipated, which can be partially explained in the context of the

electrostatic attraction between myoglobin and the pore walls of SBA-15.
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Figure 26 – Schematic of electrostatic effects between silica and myoglobin

Silica has its pzc around pH 2.142 Myoglobin’s isoelectric point is at pH 7.2. In

any solution between pH 2 and 7.2, silica has a negative net surface charge

and myoglobin has a positive net surface charge, and the myoglobin molecules

will be electrostatically attracted to the silica surface. This attraction will be

strongest at the centre of this pH range. We found that myoglobin immobilised

to SBA-15 demonstrates the highest relative activity, or the strongest protective

effects, at pH 5.1. This corresponds to the pH at which myoglobin and silica

experience the strongest electrostatic attraction. This strong attraction is also

evidenced by the low level of myoglobin leaching seen at this pH in Figure 25.

One could interpret the role of electrostatic effects on immobilised enzyme’s

activity similarly to have certain parallels with the effects of steric confinement: a

strongly-attracted enzyme will have more points of contact with the pore, but

may have its native structure stretched out, as has been seen on more flat silica

surfaces.75,76 On the other hand, an enzyme with weak or no electrostatic

attraction will have fewer stabilising points of contact with the silica wall, but

potentially more flexibility. However, such explanations are likely too simplistic,

and they don’t entirely account for the sudden drop in immobilised myoglobin’s

relative peroxidase activity above pH 5.1. An additional factor to consider when

interpreting these results is the orientation of myoglobin within the pore,

particularly whether the active site is accessible to the ABTS substrate

molecules.

Myoglobin is immobilised by physical adsorption in these experiments, so a

random distribution of orientations may seem like a reasonable assumption to
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make. If this were the case, one might assume to see a drop in immobilised

enzyme activity, in proportion to the active site’s size on the surface of the

enzyme and how tightly confined the enzyme is within the pore, even if the

enzyme’s structure isn’t otherwise affected by the physical adsorption or local

microenvironment within the pores. However, the assumption that the enzyme

would adsorb in completely random orientations onto the pore walls is perhaps

not correct. Electrostatic forces have been shown to play an important role in

the protein’s adsorption, both in literature discussed in Section Error!

Reference source not found. and in Chapters 3 and 4. This thesis investigates

the effects of electrostatic attraction between enzyme and silica on the

immobilised enzyme’s activity, and the enzyme’s orientation during adsorption

may be integral to understanding these effects.

Patches of the protein’s surface that have more positively-charged residues

may preferentially adsorb to the negatively charged silica surface. The more

positively-charged regions of the protein’s surface will depend on the pH of the

solution it is in; if the solution pH falls below 6, for example, histidine residues

will gain a positive charge. Negatively charged amino acid residues will lose

their electrostatic repellence from the silica surface at lower pH values as well.

The orientation of enzymes adsorbed in SBA-15 pores as a function of solution

pH and/or ionic strength is outside of the scope of this thesis, but any possible

relationships thereof may contribute substantially to gains or losses of

immobilised enzyme activity at different pH values.77,173 In the instance of

myoglobin, for example, the precipitous drop in in immobilised myoglobin’s

relative peroxidase activity may be due to some disruption in charged groups on

the protein’s surface which lead it to adsorb preferentially in way that blocks its

active site. This is not clearly the case, though, because the shift takes place

between pH 5.1 and 5.6, which does not correspond to any amino acid’s pKa.

Experimental methods exist that can clarify changes in immobilised enzyme’s

secondary structure such as FTIR and CD.120,121,180 However, none are yet

available that can clearly link conformational changes with enzyme activity, or

shed light on which orientation the enzyme prefers under given conditions.

Computer simulations involving molecular dynamics have indicated that the pH

at which a protein is adsorbed onto a flat silica surface affects its final
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orientation, as previously described.181,182 Simulations involving mesoporous

silica have also been attempted, which further confirm the role of electrostatic

attraction in adsorption.183 Computational modelling of myoglobin’s adsorptive

behaviour within silica mesopores would greatly benefit the interpretation of

these data.

5.4 Conclusion

The results of the experiments investigating immobilised myoglobin’s protection

from pepsin indicate that immobilised enzymes can be protected from

proteases. Whether this protection is given by virtue of a size exclusion effect,

where the protease cannot enter the pores to digest the immobilised protein, or

by the confinement and stabilisation that prevents pepsin from hydrolysing

myoglobin’s hydrophobic residues, or some combination of both, is unclear.

Investigating the effect of SBA-15 pore size on myoglobin’s protection from

pepsin may clarify how much the size-exclusion effect contributes to

myoglobin’s protection. Further experiments involving other enzymes being

protected from other proteases by SBA-15 would also elucidate this effect,

although not all proteases are effective at digesting all enzymes. A good pair of

candidate enzymes for future experiments would be lysozyme and trypsin;

trypsin can cleave the bonds of lysozyme to render it inactive, and lysozyme’s

activity can be easily quantified by fluorometric assay, as described in the next

chapter.

The results of the experiments concerning pH protection of immobilised

myoglobin give insight into which aspects of the immobilisation material are

most important for predicting and tuning protective effects. The data indicate

that SBA-15’s pore diameter does not play as significant a role in pH protection

as expected. It is possible that the range of pore diameters investigated in these

experiments is too small; the largest pore diameter is only 2 nm larger than the

smallest pore diameter, and myoglobin’s hydrodynamic diameter is

approximately 4.1 nm. If we can produce a larger range of pore diameters, we

can probe the effect of pore size on immobilised enzyme further. As smaller

pores that are much smaller will not be able to accommodate most enzymes,

we must make SBA-15 with larger pores.
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In this thesis, the largest pore diameter achieved using conventional synthesis

is 8.1 nm, with a hydrothermal ageing step at 100 °C. SBA-15, prepared by

conventional synthesis methods, is reported to reach pore diameters of up to 9

nm while retaining monodisperse pore size distributions and pore wall

thicknesses with sufficient structural integrity. Other methods require changing

the copolymer composition or block sizes, or adding cosolvent organic

molecules.100 Another option for making SBA-15 with larger pore diameters is to

do so via microwave synthesis at higher temperatures, as described in Section

2.5.1. Unfortunately, the pore size distribution for the batch of microwave SBA-

15 prepared in this thesis is found to be much wider than those made by

conventional synthesis, as reported in Section 2.6.2. Wide pore size

distributions are undesirable for these experiments, as they would make pore

size effects less clear.

While the data from these pH protection experiments with immobilised

myoglobin does not demonstrate the importance of SBA-15’s pore diameter in

the pH stabilisation of the enzyme, it does indicate that the pH of the solution

affects immobilised myoglobin’s activity significantly. As discussed, catalytic

activity assays do not clearly indicate if immobilised myoglobin undergoes any

conformational changes, as the data are obfuscated by possible blockage of the

enzyme’s active site. Computer simulations involving molecular dynamics may

indicate that the pH of the solution in which myoglobin is adsorbed onto a silica

mesopore affects its orientation. Such information would greatly benefit the

interpretation of these data.

These results have been interpreted in the context of the electrostatic attraction

between myoglobin and the pore walls of SBA-15, and are the first indication of

a general hypothesis in which immobilised enzymes perform catalysis best

when in solutions between the isoelectric points of the enzyme and support

material. In order to refine this hypothesis, more enzymes with different sizes

and isoelectric points should similarly be investigated. In this way, a more

generalised and prescriptive hypothesis of the relationship between

confinement, electrostatic attraction, and enzyme activity can be developed.
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6 Glycanase activity of lysozyme immobilised on mesoporous
silica SBA-15

6.1 Introduction

In this thesis, the properties of chaperonin complexes, in relation to their ability

to improve the design of enzyme immobilisation systems, are being investigated

via mesoporous silica SBA-15 as a simplistic functional analogue. The tunability

of SBA-15, and thus its suitability for this investigative purpose, has been

demonstrated, and the adsorption of proteins to SBA-15’s pores has been

observed and explained by geometric models. In the previous chapter,

myoglobin immobilised to SBA-15 of different pore sizes and exposed to various

attenuating conditions gave our first indications of how the chaperonin-derived

properties of steric confinement and electrostatic interaction affect immobilised

enzymes’ activities. The size of the silica mesopore had no clear effect on the

activity of immobilised myoglobin; there could perhaps be no relationship, or it

could be that the range of pore sizes tested is too small. The data did inspire

the hypothesis that strong electrostatic attraction between enzyme and porous

adsorbent leads to higher immobilised enzyme activity. This hypothesis requires

testing across many enzymes to discover its validity.

The next enzyme to be tested is lysozyme. As described in Section 1.3.2,

lysozyme has an approximate hydrodynamic diameter of 3.9 nm and an

isoelectric point at pH 11.3. As such, it is slightly smaller than myoglobin and

has a stronger positive net charge in many buffered solutions. Furthermore,

lysozyme does not include any prosthetic groups that may complicate the

interpretation of its activity. These differences mean that the results of another

set of pH protection experiments, this time on lysozyme, can help clarify the

relative importance of steric confinement and electrostatic attraction to the

improved catalytic activity of immobilised enzymes.

As in the previous chapter with myoglobin, the activity assay used on free or

immobilised lysozyme acts as a proxy for understanding the condition of the

protein. While useful, the activity assays can only provide limited insight into

lysozyme’s structure and flexibility. Lysozyme may adsorb to the silica

mesopore in such a way that its active site is blocked and inaccessible by

substrate molecules. Further, as discussed in Section 5.3.2, its orientation may
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be affected by electrostatic forces within the system and change with varying

pH.

6.2 Materials and methods

6.2.1 Lysozyme glycanase assay

Sodium carbonate (ACS reagent, 99.7%), N,N-Dimethylformamide (DMF) (ACS

reagent, ≥99.8%), and 4-Methylumbelliferyl β-D-N,N′,N′-triacetylchitotrioside 

hydrate (ACS reagent) were purchased from Sigma-Aldrich. Fluorescence

spectroscopy was carried out using the fluorescence mode of a BioTek Synergy

H1 Multi-Detection Reader.

Fluorescence spectroscopy is a complementary technique to absorption

spectroscopy. It involves using light of a specific wavelength, often in the

ultraviolet range, to excite the electrons in certain fluorescent compounds.

These compounds will then emit light at another specific wavelength, which is

often visible light, and this emission can be quantified. At low concentrations the

fluorescence intensity will generally be proportional to the concentration of the

fluorophore, as in UV-Vis.

Figure 27 - Hydrolysis of 4-MU-β-(GlcNAc)3 to a fluorescent product, catalysed by

lysozyme

The glycanase activity of lysozyme was quantified via fluorometric assay; the

hydrolysis of the glycan substrate is catalysed with lysozyme as a glycanase.184

A schematic of this reaction can be seen in Figure 27. As before, the initial,

linear rate of reaction was monitored; this corresponds to the maximal catalysed

reaction rate.
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5 mg of 4-methylumbelliferyl β-D-N,N′,N′-triacetylchitotrioside hydrate is 

dissolved in 250 µL deionised water and 250 µL DMF to prepare a 10 mg/mL

solution. Cleavage of this substrate produces a fluorescent product, 4-

methylumbelliferone (4-MU). The released 4-MU can reliably be used as a

fluorogenic indicator for lysozyme. The anionic form of methylumbelliferone is

responsible for observed fluorescence, and equilibrium does not favour anion

formation at acidic pH values. Therefore, the reaction must be stopped and the

fluorescent anion formed by the addition of a strong alkaline buffer, 400 mM

sodium carbonate.

In these experiments, the 3 mL reaction mixture contained 2 mg of SBA-15 with

a target loading of 50 mg lysozyme per g SBA-15 (i.e., approximately 0.1 mg

lysozyme) in buffer, and 10 µL of stock substrate solution in glass vials. The

vials were kept at 37 °C, and 150 µL aliquots were removed every 10 minutes

for 50 minutes. Each aliquot was added to 150 µL of stopping buffer in a black,

96-well fluorescence microwell plate. The fluorescence of these wells was

measured (λex = 360 nm, λemm = 455 nm) within 5 minutes of mixing. The

glycanase activities of lysozyme-containing samples were found by observing

the change in fluorescence over time, within the samples’ initial linear rate. The

activity was normalised to the calculated amount of lysozyme in each sample.

Blanks containing no lysozyme were found to have no significant glycanase

activity at all pH values tested.

As discussed in Section 5.2.1, a small molecule substrate such as 4-MU-β-

(GlcNAc)3 should diffuse through SBA-15 pores of this size within milliseconds,

although, admittedly, 4-MU-β-(GlcNAc)3 is a more bulky molecule than ABTS.

Again, lysozyme loading onto SBA-15 is very low, and the substrate is likely to

be hydrolysed when it encounters an adsorbed lysozyme within the pore, rather

than trying to pass around it. For these reasons, this glycanase assay is not

expected to have mass transport limitations. Lysozyme uses the negatively-

charged aspartic and glutamic acid residues in its active site cleft to hydrolyse

1,4-beta-glycosidic linkages. As mentioned in Section 1.3.2, these residues’

positioning within a cleft is crucial to their proper function, because the cleft

protects the acid residues from losing their protons. Lysozyme’s glycanase
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activity can therefore give direct insight into the tertiary structure of free and

immobilised lysozyme.

6.2.2 Lysozyme pH protection

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), glacial acetic acid (ACS reagent, ≥99.7%), sodium acetate 

(≥99%, anhydrous), and lysozyme from chicken egg white (lyophilized powder, 

protein content ≥90%, ≥40,000 units/mg protein) were purchased from Sigma-

Aldrich and used without further purification. Mesoporous silica SBA-15 was

prepared and characterised as discussed in Chapter 2. In this chapter, SBA-15

samples are referred to by their pore diameters. UV-Vis was carried out using

the absorbance mode of a BioTek Synergy H1 Multi-Detection Reader.

To test the protective effects of SBA-15 on immobilised enzyme,

lysozyme/SBA-15 composites were prepared and exposed to unfavourable pH

conditions. Lysozyme/SBA-15 composites were initially prepared with a target

loading of 50 mg enzyme per g SBA-15 in phosphate buffer pH 7.2, with an

ionic strength of 100 mM, via the physical adsorption method described in

Section 3.2.1. The remaining procedure for investigating the pH protection of

immobilised lysozyme is identical to that found in Section 5.2.3 for myoglobin.

The solutions’ enzymatic activities were quantified via the glycanase assay

described in the previous section. As in the previous chapter, each combination

of pore size and pH was prepared and measured in triplicate, and activity was

compared to that of blank samples.

6.3 Results and discussion

6.3.1 pH protection of immobilised lysozyme

Lysozyme immobilised on SBA-15 of different pore diameters is exposed to a

range of pH conditions, and then the samples’ glycanase activities are

measured by glycanase assay at that pH. This is done to examine the

relationship between pH and immobilised enzyme activity, and probe for

possible protective effects of SBA-15 on the immobilised enzymes from

denaturing pH conditions.
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For these experiments, as with the previous myoglobin experiments, lysozyme

loading onto SBA-15 is targeted for 50 mg enzyme per g SBA-15. Using the

textural parameters of the SBA-15 batches derived from gas physisorption and

reported in Section 2.6.2, we can state that this lysozyme loading corresponds

to one lysozyme molecule for every 240 nm2 of SBA-15 surface area for the

smallest pore diameter and one for every 330 nm2 for the largest pore diameter.

For reference, one lysozyme molecule has a hydrodynamic packing area of

approximately 12 nm2. This loading also corresponds to one lysozyme molecule

for every 230 nm3 of pore volume, at the smallest pore size, and one molecule

for every 520 nm3 for the largest pose size. For comparison, lysozyme’s

hydrodynamic volume is approximately 31 nm3. As with myoglobin in the

previous chapter, the lysozyme molecules are spaced quite far from

neighbouring molecules, and are more isolated in SBA-15 with larger pores.

Figure 28 - Glycanase activities of free lysozyme and lysozyme immobilised to

mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) in solutions of pH 3.6

to 7.6, 100 mM ionic strength. pH values to the left of the dashed line take place in

acetate buffer while those on the left are in phosphate buffer. Error bars depict 95%

confidence intervals.

Figure 28 shows the glycanase activities of free lysozyme, as well as those of

lysozyme immobilised on SBA-15 of different pore diameters, in buffered

solutions across a range of pH values. The activities are shown in arbitrary units

relating to the rate of the glycanase reaction (fluorescence per minute) divided
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by the concentration of lysozyme in the sample (g/L). Some lysozyme leaching

is observed while the samples are left in the test buffer for 24 hours, which is

accounted for in specific activity calculations. At pH 5.6, both phosphate and

acetate buffers are used, and the sample’s activities are found to be within error

of each other. This was also found in the myoglobin experiments, and is a

useful result because it suggests that the buffer salt used does not have a

significant effect on lysozyme’s activity.

Lysozyme acts as a glycanase on the fluorogenic substrate most effectively

between pH 4.6 and 5.1, as can be seen by the free lysozyme bars in Figure

28. Activity decreases at more acidic pH values; this is likely because

lysozyme’s active site begins to lose protons at glutamic acid’s pKa of 4.2, and

then again at aspartic acid’s pKa of 3.7. The protons in the active site cleft are

crucial to the glycanase function of lysozyme.184 The reasons for the decrease

in glycanase activity of free lysozyme at pH values greater than 5.1 are less

clear.

Figure 29 - Normalised glycanase activities of free lysozyme and lysozyme immobilised

to mesoporous silica SBA-15 (pore diameters of 6.1, 6.6, and 8.1 nm) in solutions of pH

3.6 to 7.6, 100 mM ionic strength. Error bars depict 95% confidence intervals.

Figure 29 depicts the same data, shown normalised to the activities of free

lysozyme at each pH. The error bars, which depict the 95% confidence interval,

show the compounded error of both free and confined samples for each data
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point. At pH values above 6.1, on the more alkaline side of the assay’s optimal

pH, SBA-15 consistently demonstrates protective effects on lysozyme

regardless of pore diameter. The activity of confined lysozyme surpasses that of

free lysozyme at these pH values, with activity values of up to 200% of those of

free lysozyme at those pH values. This implies that confined lysozyme is

protected to some extent. Protective effects are not clearly evident at pH values

below 6.6 for two of the three SBA-15 samples.

The pore size of the SBA-15 appears to play a significant role in the extent to

which lysozyme’s activity is modified. Lysozyme immobilised on SBA-15_6.6

nm always performs at least as well as, and often better than, free lysozyme.

SBA-15_6.6 nm also shows protective effects against more acidic conditions at

pH 3.6 and 4.1. This is a unique result, and may indicate that this particular pore

diameter is especially suited to stabilizing and improving the glycanase activity

of lysozyme. We see that, in many cases, the activities of lysozyme immobilised

on SBA-15_6.1 nm are within error of those of free lysozyme. This is a modest

but positive result, as immobilisation at this pore size does not hinder the

enzyme’s activity. Lysozyme immobilised to SBA-15_8.1 nm does not always

perform as well as free lysozyme; SBA-15 of the largest pore size attenuates

lysozyme’s glycanase activity at pH values from 4.1 to 5.1.

Immobilisation onto SBA-15 does not improve lysozyme’s glycanase activity at

all pH values tested, or with all pore sizes. However, as is the case of

myoglobin in the previous chapter, confinement to SBA-15 does widen

lysozyme’s effective activity range, with substantial protection from unfavorably

alkaline conditions of up to 200%.
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Figure 30 – Amount of initially-loaded lysozyme leached from mesoporous silica SBA-15

(pore diameters of 6.1, 6.6, and 8.1 nm) after 24 hours in solutions of pH 3.6 to 7.6, 100

mM ionic strength. Error bars depict 95% confidence intervals.

Figure 30 depicts the percentage of initially loaded lysozyme that leached from

the different batches of SBA-15 from each buffer. Lysozyme leaching exceeds

that of myoglobin at some pH values, with up to 60% of the initially loaded

lysozyme leaching at the low pH value of 3.6. At low pH values, lysozyme will

have a strong positive charge while the silica’s surface charge will be weakly

negative. The increased leaching seen at these pH values may be caused by

lower charge density on the silica surface, so close to silica’s pzc. As with the

myoglobin leaching data, these data are also helpful in confirming that the

different SBA-15 batches have similar surface charge profiles.

In Figure 30, solutions with pH less than 5.6 are prepared in acetate buffer and

solutions with pH greater than 5.6 are prepared in phosphate buffer. For all

SBA-15 samples, lysozyme leaching at pH 5.6 is consistently approximately 5%

less in acetate buffer than in phosphate buffer. As discussed in Section 1.2.3,

the Hofmeister series ranks ions on their ability to stabilise or destabilise protein

structures.23,63 Phosphate is earlier in the Hofmeister series than acetate, so it

should stabilises lysozyme’s structure more, decreasing its solubility and

strengthening its hydrophobic interactions. With its hydrophobic residues more

completely buried, lysozyme in phosphate may more easily adsorb the the

hydrophilic surface of the silica, leading to the slightly higher lysozyme loading
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in phosphate buffer. Despite these differences in lysozyme loadings, the

specific activities of the samples at pH 5.6 are still within error of each other

after taking leaching into account.

The results of the pH protection experiments with immobilised lysozyme, shown

in Figure 28, Figure 29, and Figure 30, give insight into the relative importance

of different aspects of the immobilisation material. The data indicate that the pH

of the solution affects immobilised lysozyme’s activity significantly, as was seen

in the myoglobin pH protection experiments in the previous chapter. As before,

the effects of pH can be partially explained in the context of the electrostatic

attraction between lysozyme and SBA-15.

Figure 31 - Schematic of electrostatic effects between silica and lysozyme

Lysozyme’s isoelectric point is at pH 11.3. In any aqueous solution between pH

2 and 11.3, silica will have a negative net surface charge and lysozyme will

have a positive net surface charge, and the lysozyme molecules will be

electrostatically attracted to the silica surface. We found that lysozyme

immobilised to SBA-15 demonstrated the highest relative activity, or the

strongest protective effects, at pH 6.6. This comparatively high glycanase

activity is found to correspond directly to the pH at which lysozyme and silica

experience the strongest electrostatic attraction. Lysozyme’s attraction to SBA-

15 around pH 6.6 is also illustrated in Figure 30, where lysozyme demonstrates

a minimal amount of leaching at these pH values.

An additional factor to consider when interpreting these results is the orientation

of lysozyme within the pore, particularly whether the active site is accessible to
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the relatively bulky glycanase substrate molecules. As discussed in Section

5.3.2, patches of the protein’s surface that have more positively-charged

residues may preferentially adsorb to the negatively charged silica surface, and

negatively charged amino acid residues will lose their electrostatic repellence

from the silica surface at lower pH values as well. The more positively-charged

regions of the protein’s surface will depend on the pH of the solution it is in, and

any the resultant orientation of the enzyme may contribute substantially to gains

or losses of immobilised enzyme activity at different pH values.77,173

The relationship between solution pH and immobilised lysozyme’s relative

activity, seen in Figure 29, is not as dramatic as the one seen with immobilised

myoglobin in Figure 24, but immobilised lysozyme seems to undergo a positive

shift in activity above pH 6.1. This may correspond to some disruption in

charged groups on the protein’s surface which lead it to adsorb preferentially in

way that blocks its active site. Again, however, this is not clearly the case,

because lysozyme has only a single histidine residue that changes it charge at

its pKa of 6. As before, computer simulations of lysozyme adsorptive behaviour

within silica mesopores would greatly benefit the interpretation of these data.

6.4 Conclusion

In this chapter, lysozyme was immobilised to SBA-15 of different pore sizes,

exposed to a range of pH conditions, and tested for its glycanase activity. The

purpose of these experiments is to investigate the relative importance of two

aspects of enzyme immobilisation, steric confinement and electrostatic

attraction, which are inspired by our understanding of chaperonin complexes.

These experiments showed that immobilised lysozyme’s performance was

significantly affected by both parameters: lysozyme’s glycanase activity was

most enhanced when immobilised to SBA-15_6.6 nm, which was the

intermediate pore size; and immobilised lysozyme’s relative activity was highest

between pH 6.6 and 7.1, which corresponds to the pH at which lysozyme

experiences strong electrostatic attraction to silica. Catalytic activity assays

cannot clearly indicate if lysozyme undergoes any conformational changes upon

adsorption to SBA-15; as discussed, the lysozyme’s active site may or may not

be blocked depending on its orientation within the pore, limiting its substrate

accessibility. Computer simulations involving molecular dynamics could
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potentially indicate whether lysozyme’s orientation within the silica mesopore is

substantially affected by solution pH, which would assist in the interpretation of

these data.

The results of the pH protection experiments on lysozyme, and on myoglobin in

the previous chapter, suggest that electrostatic attraction drives the increased

enzymatic activity sometimes observed when immobilising enzymes with the

physical adsorption method. If electrostatic attraction dominates these

protective effects, this information is useful for the design of immobilised

enzyme systems; once one knows the isoelectric point of the enzyme that is to

be used for catalysis, an immobilisation material can be chosen based on its

point of zero charge relative to the optimum pH range of the target reaction.

Similarly, when one knows both the enzyme’s and immobilisation material’s

isoelectric points, the pH values that are suitable for the process will also be

known. However, more enzymes must be examined to confirm or refute the

generality of this hypothesis.

In the pH protection experiments involving immobilised lysozyme, the effect of

the pore size of SBA-15 was significant, whereas in the similar experiments of

myoglobin in the previous chapter it was not. One explanation may be that the

smaller size of lysozyme means that it was more greatly affected by the pore

size range tested than myoglobin was. This explanation is unlikely, however,

because the ratios between the SBA-15 samples’ pore diameters and the sizes

of either enzyme overlap, as do their respective ratios for surface area and pore

volume. Therefore, it is more likely that steric confinement’s role in enzyme

protection is either modulated by the level of electrostatic attraction in the

system, or dependent on the type of active site of the enzyme, or some

combination of both. Again, more enzyme systems must be studied to clarify

this effect.
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7 Hydrolase activity of trypsin immobilised on mesoporous
silica SBA-15

7.1 Introduction

This thesis aims to discover and refine general principles concerning enzyme

immobilisation, inspired by chaperonin complexes, which improve their

application in industrial biocatalysis. This entails the investigation of two integral

chaperonin parameters, steric confinement and electrostatic attraction, on

several different model enzymes using mesoporous silica SBA-15 as a

tuneable, synthetic chaperonin analogue. In the previous two chapters, the

enzymes myoglobin and lysozyme were immobilised to SBA-15 of varying pore

sizes and exposed to a range of attenuating conditions. The effects of pore size

and pH conditions on the immobilised enzymes’ biocatalytic activities are

interpreted in the context of these chaperonin parameters. For both immobilised

myoglobin and immobilised lysozyme, the enzymes’ activities were highest in

solutions where the pH was intermediate between the isoelectric points of the

enzyme and immobilisation material. In other words, the immobilised enzymes

were best protected from denaturing conditions when they were experiencing

strong electrostatic attraction to the silica surface. In this chapter, a third

enzyme is examined in a similar way: trypsin.

Trypsin is a serine protease that digests other proteins by cleaving their amino

acid chains.17 Trypsin’s active site is similar to that of lysozyme’s, in that it

catalyses hydrolysis, though through different mechanisms. Because trypsin

also lacks a prosthetic group, its activity is more directly indicative of its overall,

three-dimensional structure. Trypsin also differs from the two previous enzymes

in its physiochemical parameters: size and charge. Trypsin’s approximate

hydrodynamic diameter is 4.6 nm, which is larger than those of the previous two

enzymes, myoglobin and lysozyme.138 Its isoelectric point is around pH 10.3,

which is close to that of lysozyme but more basic than that of myoglobin,

meaning that trypsin has a net positive charge in most solutions.141

Trypsin’s differences from the previous two enzymes in size, charge, and

catalytic mechanism could help clarify the effects of SBA-15’s pore size and

surface charge on immobilised enzymes, their relative importance to the

enzymes’ activity, and if more general trends about enzyme immobilisation



112

could be inferred for application to a wide range of industrial enzymes. As in the

previous chapters with myoglobin and lysozyme, the activity assay used on free

or immobilised trypsin is a proxy for understanding the condition of the protein.

The assay cannot indicate whether or not trypsin adsorbs to the silica mesopore

such that its active site is blocked and inaccessible by substrate molecules. As

discussed in Section 5.3.2, trypsin’s orientation against the pore wall may be

affected by electrostatic forces within the system and change with varying pH.

7.2 Materials and methods

7.2.1 Trypsin hydrolase assay

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), glacial acetic acid (ACS reagent, ≥99.7%), sodium acetate 

(≥99%, anhydrous Nα-Benzoyl-L-arginine ethyl ester (BAEE) hydrochloride, and

hydrochloric acid (ACS reagent, 37%) were purchased from Sigma-Aldrich. UV-

Vis was carried out using the absorbance mode of a BioTek Synergy H1 Multi-

Detection Reader.

Figure 32 – Hydrolysis of Nα-Benzoyl-L-arginine ethyl ester, catalysed by trypsin

Trypsin’s hydrolase activity can be quantified by spectrophotometric assay,

shown in Figure 32. Trypsin catalyses the hydrolysis of the synthetic substrate,

BAEE, to produce Nα-Benzoyl-L-arginine and ethanol.185 Nα-Benzoyl-L-arginine

absorbs light at 253 nm, so the continuous reaction can be observed by UV-Vis.

Trypsin functions optimally in this assay between pH 7 and 9. The initial, linear

rate of reaction is monitored; this corresponds to the maximal catalysed reaction

rate, before enough substrate is consumed to reduce the rate of reaction.

In these experiments, samples containing approximately 0.25 g/L trypsin were

diluted 8-fold with 1 mM hydrochloric acid immediately before measurement. 20

µL of HCl-diluted trypsin sample was placed in one well of a UV-transparent
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microwell plate with 270 µL of buffer. Lastly, 30 µL of 2.5 mM BAEE was added

to the well, for a total in-well volume of 320 µL. Absorbance was read

immediately at 253 nm for 5 minutes at room temperature. The hydrolase

activities of samples were found by observing the change in absorbance at 253

nm over time, within the samples’ initial linear rate. The specific activity was

calculated by dividing this rate by the amount of trypsin in each sample. Blanks

containing no trypsin were found to have some hydrolase activity at low pH; this

rate was subtracted from the activity of trypsin samples at that pH.

As discussed in Section 5.2.1, a small molecule substrate such as BAEE should

diffuse through SBA-15 pores of this size within milliseconds, so mass transport

limitations should not be an issue in this assay. Trypsin’s catalytic mechanism is

similar to those of other serine proteases: the catalytic triad of histidine,

aspartate, and serine form a charge relay that increases the nucleophilicity of

the active site serine. Additionally, the serine and a neighbouring glycine

residue create an oxyanion hole, which serves to stabilise the developing

negative charges of cleaved amides.140 These residues’ positions within the

active site cleft are crucial to its proper function. As with lysozyme in the

previous chapter, trypsin’s hydrolase activity gives qualitative insight into the

structures of free or immobilised trypsin.

7.2.2 Trypsin pH protection

Sodium phosphate monobasic (BioXtra, ≥99%), sodium phosphate dibasic 

(BioXtra, ≥99%), glacial acetic acid (ACS reagent, ≥99.7%), sodium acetate 

(≥99%, anhydrous), and trypsin from bovine pancreas (Type XI, lyophilized 

powder, ≥6,000 BAEE units/mg protein) were purchased from Sigma-Aldrich 

and used without further purification. Mesoporous silica SBA-15 was prepared

and characterised as discussed in Chapter 2. In this chapter, SBA-15 samples

are referred to by their pore diameters. UV-Vis was carried out using the

absorbance mode of a BioTek Synergy H1 Multi-Detection Reader.

To test the protective effects of SBA-15 on immobilised enzyme, trypsin/SBA-15

composites were prepared and exposed to unfavourable pH conditions.

Trypsin/SBA-15 composites were initially prepared with a target loading of 175

mg enzyme per g SBA-15, and trypsin/MWSBA-15 composites were prepared
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with a target loading of 50 mg/g, both in phosphate buffer, pH 7.2, with an ionic

strength of 100 mM, via the physical adsorption method described in Section

3.2.1. The remaining procedure for investigating the pH protection of

immobilised trypsin is identical to that found in Section 5.2.3. The solutions’

enzymatic activities were quantified via the hydrolase assay described in the

previous section. As in the previous chapters, each combination of pore size

and pH was prepared and measured in triplicate, and activity was compared to

those of blank samples.

7.3 Results and discussion

7.3.1 Hydrolase activity of immobilised trypsin on SBA-15

For these experiments, trypsin loading onto SBA-15 is targeted for 175 mg

enzyme per g SBA-15, and 50 mg per g microwave-synthesised (MW)SBA-15.

Using the textural SBA-15 parameters derived from gas physisorption and

reported in Section 2.6.2, we can state that this trypsin loading corresponds to

one lysozyme molecule for every 130-150 nm2 of SBA-15 surface area and one

for every 210 nm2 for MWSBA-15. For reference, one trypsin molecule has a

hydrodynamic packing area of approximately 16 nm2. This loading also

corresponds to one trypsin molecule for every 150-250 nm3 of pore volume, for

conventionally prepared SBA-15, and one molecule for every 780 nm3 for

microwave-synthesised SBA-15. For comparison, trypsin’s hydrodynamic

volume is approximately 50 nm3. These enzyme spacings, as determined by

surface area, are similar across SBA-15 batches, but by volume the microwave

SBA-15 has much more space between trypsin molecules than the conventional

samples have. In general, the trypsin molecules are spaced quite far from

neighbouring molecules, and are more isolated in SBA-15 with larger pores.

While the experiments were performed at all pH and buffer conditions as in the

myoglobin and lysozyme experiments, the activity of free trypsin was

indistinguishable from that of the blanks in all buffers below pH 5.6. Therefore,

only results from experiments performed in phosphate buffer are shown in the

following figures. The inadequacy of these buffers in the chosen assay are not

attributed to the buffer salt, acetate, because experiments performed at pH 5.6

in acetate buffer have activity and leaching within error of those performed in



115

the phosphate buffer at pH 5.6. It is therefore presumed that this assay will not

function meaningfully at pH values lower than 5.6 without modification.

Figure 33 - Hydrolase activities of free trypsin and of trypsin immobilised to mesoporous

silica SBA-15 (pore diameters of 6.6, 8.1, and 9.8 nm) in phosphate buffers, pH 5.6 to 7.6,

100 mM ionic strength. Error bars depict the 95% confidence intervals.

Figure 33 shows the hydrolase activities of all trypsin samples, free or confined

to the three different SBA-15 batches, across five pH values. As in previous

chapters, these activities are presented as reaction rate per concentration of

enzyme. They take into account the variable amounts of trypsin in each sample

due to leaching. At all pH values tested, trypsin immobilised to SBA-15 has a

significantly lower hydrolase activity than that of unconfined trypsin.

These data do not show a clear trend of hydrolase activity with the pore size of

the SBA-15 on which the trypsin is immobilised; at each pH value, the activities

of immobilised trypsin are mostly within error of each other. The exceptions to

these observations are that the activity of lysozyme immobilised to SBA-15_8.1

nm exceeds that of those immobilised to SBA-15_6.6 nm at pH 6.1 and 6.6.

Also, the activity of lysozyme immobilised to MWSBA-15_9.8 nm exceeds that

of those immobilised to SBA-15_8.1 nm at pH 5.6 and 7.2. While limited, these

data would seem to indicate that trypsin performs better when immobilised to

SBA-15 of larger pore diameters. However, the fact that many of the other data

points are within error of each other fails to support this hypothesis conclusively.
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Figure 34 - Normalised hydrolase activities of free trypsin and of trypsin immobilised to

mesoporous silica SBA-15 (pore diameters of 6.6, 8.1, and 9.8 nm) in phosphate buffers,

pH 5.6 to 7.6, ionic strength 100 mM. Error bars depict the 95% confidence intervals.

Figure 34 depicts the same data shown in Figure 33, but normalised such that

each activity of immobilised trypsin is shown as a percentage of the activity of

non-confined trypsin at that pH. The error bars, which depict the 95%

confidence interval, show the compounded error of both free and confined

samples for each data point.

As in Figure 33 with pore size, Figure 34 depicts few clear trends between the

normalised hydrolase activities of immobilised trypsin and pH, but some slight

patterns emerge. Trypsin immobilised to the smallest pore size of SBA-15,

which has a 6.6 nm pore diameter, has significantly lower normalised activity at

pH 6.6 than at pH 7.2 and 7.6. For the 8.1 nm pore diameter SBA-15, the

normalised activity of immobilised trypsin at pH 5.6 is significantly lower than at

all of the other, higher pH values tested. And lastly, for the 9.8 nm, microwave-

assisted SBA-15, immobilised trypsin tested at pH 7.2 has significantly higher

normalised activity than those found at any lower pH value for the same

sample. Each of these observations support a hypothesis that immobilised

trypsin’s activity increases with increasing pH, across the pH values tested,

compared to the activities of free trypsin. However, as with pore size, the fact

that many of the other data points are within error of each other fails to support
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this hypothesis conclusively. More definitively, these data indicate that a more

sensitive assay for trypsin activity is required.

Figure 35 - Amount of initially-loaded trypsin leached from mesoporous silica SBA-15

(pore diameters of 6.6, 8.1, and 9.8 nm) after 24 hours in phosphate buffers, pH 5.6 to 7.6,

ionic strength 100 mM. Error bars depict the 95% confidence intervals.

Figure 35 shows the amount of trypsin loaded onto the SBA-15 of different pore

sizes that has leached off its support after being suspended in the test buffer for

24 hours. As in previous chapters, these data are meant to confirm the pH at

which the enzyme is most strongly attracted to the silica surface. In these

experiments, the data is less conclusive, but the least amount of trypsin

leaching is appears to occur between pH 5.6 and 6.6 for the two conventionally-

synthesised SBA-15 samples. These data also indicate that the SBA-15 with

pore sizes of 6.6 and 8.1 nm have similar leaching trends, and therefore a

similar surface charge. SBA-15 with a mean pore diameter of 8.1 nm shows a

significantly higher percent of trypsin leached than the SBA-15 with a mean

pore diameter 6.6 nm. However, in these experiments, as in previous chapters,

the amount of trypsin leached off the support is taken into account when

calculating the activity of immobilised trypsin.

The leaching data from the microwave-assisted SBA-15 shown in Figure 35

appear to be much lower than those of the other two materials, but also have

large enough error bars to be indistinguishable at many of the pH values tested.
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This is because the targeted trypsin loading on the microwave-assisted SBA-15

was much lower, 50 mg/g, compared to the others, which were targeted at 175

mg/g. The amount of trypsin leaching observed is highly dependent on the

amount of trypsin initially observed, as can be understood from the protein

adsorption isotherms discussed in Chapter 3. This difference in preparation

means that the leaching profile from the microwave assisted SBA-15 should not

be quantitatively compared to that of the other two materials.

The results of the experiments concerning the pH protection of immobilised

trypsin, shown in Figure 33, Figure 34, Figure 35, give little insight into the

relative importance of different aspects of the immobilisation material on the

immobilised enzyme’s catalytic activity. If immobilised trypsin were conforming

to the protective theme observed with the previous two enzymes, myoglobin

and lysozyme, its normalised activity would be highest at pH values

intermediate to the isoelectric points of silica and trypsin. This intermediate

point, around pH 6, would be the solution condition under which trypsin has the

strongest electrostatic attraction to the silica surface, which is unfortunately

neither confirmed nor refuted by the trypsin leaching profile seen in Figure 35.

The data in Figure 33 and Figure 34 neither support nor contradict the

hypothesis of the necessity of strong electrostatic attraction; they are

inconclusive. Furthermore, the SBA-15’s pore size showed little consistent

effect on immobilised trypsin activity across the ranges tested.

7.4 Conclusion

In this chapter, trypsin was immobilised to SBA-15 samples with a range of pore

sizes, exposed to a range of solution conditions with variable pH but fixed ionic

strength, and was tested for its hydrolase activity. These experiments were

performed to investigate the relationship between the enzyme’s and pore’s

sizes, i.e., the enzyme’s steric confinement, and the enzyme’s catalytic activity.

They were also performed to examine the effects of the pH of the solution on

immobilised trypsin’s activity.

The trypsin pH protection experiments did not show SBA-15’s pore size to have

a discernible effect on immobilised trypsin’s activity; almost all data concerning

pore size were within error of each other at each pH value. These experiments
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also did not clearly determine at which pH value immobilised trypsin had the

highest hydrolase activity, compared to that of free trypsin at each pH.

Therefore, these experiments do not contribute to supporting or disproving the

tentatively proposed mechanism for enhancing enzyme activity from the

previous two chapters: that immobilised enzymes perform best in solutions with

pH values in-between the isoelectric points of the enzyme and adsorbent,

ensuring high electrostatic attraction between the two.

Despite not contributing definitively to these two lines of inquiry, the results from

these experiments did show that immobilised trypsin’s activity was much lower

than that of free trypsin at all pH values between 5.6 and 7.2. These results

draw attention the limitations of any overly-simplistic optimisation of enzyme

activity via size and charge: even an enzyme adsorbed to an accommodating

pore size, and reacting at a pH conducive to electrostatic attraction, may have

poorer activity than the free enzyme, regardless of whether or not these two

parameters are optimised. In trypsin’s case, the attenuated activity of the

enzyme when immobilised likely is due to some specifics of its active site that

are not presently accounted for.

At pH values between and including 3.6 and 5.1, neither free nor immobilised

trypsin had appreciable activity over a blank baseline using the current assay

method. Therefore, the range of pH values tested in these experiments was

restricted, making it more difficult to compared immobilised trypsin’s activities

under different levels of internal electrostatic attraction. Even at the higher pH

values, from pH 5.6 to 7.2, the activity assay was often not sufficient to

differentiate activity values of the immobilised samples at different pore sizes

and pH values. The hydrolase assay used in these experiments needs to be

further developed to be able to utilise these type of experiments more effectively

using trypsin. Perhaps an entirely different assay must be used; silica absorbs

UV light to some extent and may be interfering with the assay, which produces

a UV-adsorbing product.
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8 Summary and recommendations

8.1 Summary

The specific aim of this thesis is to demonstrate the use of mesoporous silica

SBA-15 to investigate two chaperonin-inspired parameters, steric confinement

and electrostatic attraction. By probing the effects of pore diameter and surface

charge of the SBA-15 materials on their ability protect cargo proteins from

denaturation, this thesis develops SBA-15 as an enzyme immobilisation

material. More importantly, these experiments help to achieve a better

understanding of the fundamentals behind enzyme immobilisation in general,

and make future efforts in this field more straightforward.

As reported in Chapter 2, batches of SBA-15 have been synthesised by acidic

sol-gel method to have different pore diameters. Scanning electron microscopy

has shown the samples have regular external morphologies: rod-like with

lengths of one micron. Nitrogen gas physisorption, corroborated by transmission

electron microscopy, has shown that the SBA-15 has straight, cylindrical pores

of monodisperse diameters. These pore diameters increase with increasing

temperature during the hydrothermal condensation step of synthesis. Nitrogen

physisorption has also indicated that the SBA-15 have high surface area and

pore volume. Small-angle x-ray scattering shows that the pores are well-

ordered in a 2D hexagonal array. The high degree of control demonstrated over

SBA-15’s morphology indicates its suitability as a simplistic chaperonin

analogue for studying the roles of steric confinement and electrostatic attraction

in enzyme immobilisation.

In Chapter 3, the synthesised SBA-15 is shown to adsorb and immobilise

several model proteins, myoglobin, lysozyme, trypsin, and pepsin, in

accordance with the Langmuir model of physical adsorption. The maximum

amount of protein that can be adsorbed onto SBA-15 increases with increasing

pore size. Chapter 4 reported how myoglobin adsorption kinetics is influenced

by SBA-15’s pore diameter. Myoglobin adsorption kinetics is compared with that

of lysozyme under the same solution conditions, and electrostatic attraction is

not found to affect protein diffusivity within the pores. Together, Chapters 3 and
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4 demonstrate the important role of steric confinement in protein adsorption to

porous silica.

In Chapters 5 and 6, immobilising the enzymes myoglobin and lysozyme to

SBA-15 is shown to increase their biocatalytic activities under some solution

conditions, compared to the activities of the same enzymes free in the same

solutions. For both enzymes, the protective effects were strongest in pH values

where the enzyme is strongly electrostatically attracted to the silica surface. The

different buffer salts used, acetate and phosphate, were not found to

significantly affect enzyme leaching or activity. Immobilised myoglobin is also

found to be protected from digestion by the protease pepsin. For the enzyme

trypsin, discussed in Chapter 7, the relationship between electrostatic attraction

and improved activity was inconclusive. Pore size was shown to significantly

affect the activity of only the smallest enzyme, lysozyme. These chapters

demonstrate that electrostatic attraction between an enzyme and the silica pore

has a greater influence on the immobilised enzyme’s activity than pore size, in

the ranges of parameters tested.

In summary, this thesis would recommend the following prioritisations for

enzyme immobilisation onto porous materials by physical adsorption: strong

electrostatic attraction between enzyme and host material, followed by pore size

just exceeding the diameter of the enzyme. As this thesis has demonstrated,

however, the effectiveness of this approach cannot be guaranteed. In the

experiments presented, pore size was found to have a greater effect on protein

adsorption, i.e. biocatalyst preparation, than on its use in catalysis. Hopefully,

this information can help direct future screenings of enzyme immobilisation

materials for biochemical reactors, making the process more efficient. These

insights help us to understand which microenvironments are best for protecting

and enhancing enzyme activity under unfavourable conditions, but there are

many questions that remain unanswered.
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8.2 Further studies

8.2.1 Continuations of presented studies

There are several extensions to the experiments presented in this thesis that

would more clearly answer outstanding inquiries, which were discussed in their

respective chapters’ conclusions.

The experiments reported in Chapter 3 did not indicate that electrostatic

attraction affects equilibrium protein adsorption onto SBA-15. However,

electrostatic interactions are shown to play a role in equilibrium protein

adsorption in other literature.113,118,121 By performing similar adsorption

experiments to those reported in Chapter 3 in solutions with different pH values,

the importance of electrostatic attraction to the adsorption of these proteins at

equilibrium could be clarified. In Chapter 4, the observations presented

contradict the hypothesis that electrostatic attraction increases a protein’s

diffusivity in a pore. However, this refutation is severely limited by how few

systems on which the hypothesis has been tested. By varying the pH and ionic

strength of the adsorption kinetics experiments on myoglobin and lysozyme,

and by performing similar experiments on other proteins, this claim could be

strengthened.

The experiments involving pepsin protection of immobilised myoglobin in

Chapter 5 did not indicate whether this protection is given by virtue of a size

exclusion effect, or by the confinement and stabilisation of myoglobin.

Investigating the effect of SBA-15 pore size on myoglobin’s protection from

pepsin may clarify how much the size-exclusion effect contributes to

myoglobin’s protection. Further experiments involving other enzymes protected

from other proteases by SBA-15, such as of lysozyme being protected from

proteolysis by trypsin, would also elucidate this effect. Also in Chapter 5, the pH

protection experiments of immobilised myoglobin indicate that SBA-15’s pore

diameter did not play as significant a role in pH protection. It is possible that the

range of pore diameters investigated in these experiments was too small; a

larger range of pore diameters could probe the effect of pore size on

immobilised enzyme further.
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In the context of the research question of this thesis, the pH protection

experiments involving trypsin presented in Chapter 7 was largely inconclusive.

At low pH values, neither free nor immobilised trypsin had appreciable activity

over a blank baseline using the current assay method, which restricted

comparison of immobilised trypsin’s activities under different levels of

electrostatic attraction. Even at higher pH values, the trypsin activity assay was

not sufficient to differentiate activity values of the immobilised samples at

different pore sizes and pH values. The hydrolase assay used in these

experiments should be further developed.

These extensions of these sets of experiments would clarify several questions

posed in this thesis concerning the relative importance of steric confinement

and electrostatic attraction to the adsorption of enzymes to mesoporous silica

and their subsequent activity. There are also larger studies which would further

explore the general premise of chaperonins as inspiration for the design of

enzyme immobilisation systems, which will be introduced in the following

sections.

8.2.2 Thermal stability of proteins immobilised to mesoporous silica

SBA-15

This thesis has demonstrated how SBA-15 can protect immobilised enzymes

from unfavourable pH and the presence of protease. A more common issue in

industrial biocatalysis is the need to protect enzymes from high temperatures. In

fact, measuring an enzyme’s thermal stability is an integral part of assessing its

performance. This measurement is often carried out using differential scanning

calorimetry (DSC).

DSC measures the amount of heat required to increase a sample’s temperature

as a function of the sample’s temperature. Samples with fixed heat capacities

would be expected to have a linear correlation between heat flow and

temperature. However, when a material undergoes a phase transition, its heat

capacity will change significantly, raising or lowering depending on if the

transition is endothermic or exothermic. For samples containing protein, thermal

denaturation can be seen as an endothermic peak on a DSC curve, and the

temperature at which this occurs is the protein’s melting point, Tm.186 By
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comparing the melting points of free enzymes and those immobilised to SBA-

15, we can learn more about how the material affects enzyme stability. The

accuracy of this technique should not be affected by the presence of silica in the

sample, as the melting point of protein will be far less than the glass transition

temperature of silica.

8.2.3 Co-immobilisation of enzymes to mesoporous silica SBA-15 for

tandem reactions

A future research direction is to investigate the effectiveness of co-immobilised

enzymes, also known as tandem reactors, on SBA-15. Tandem reactors contain

two or more enzymes immobilised on the same material which catalyse

cascade reactions, where the product released from one enzyme is the

substrate for another enzyme. The advantage of tandem reactors is that the

substrate can reach the second enzyme quickly, avoiding diffusion limitations

within the porous support.30 Many candidate enzymes exist for use in tandem

reactors: alcohol dehydrogenases can be paired with ketoreductases to

produce enantiomerically-enriched alcohols; transaminases and amino acid

dehydrogenases can couple to produce optically active amino acids; and

aldolases and hydroxynitrile lyases can work together for carbon-carbon bond

formation.187,188

A prime candidate enzyme cascade for these experiments is the pairing of

transketolase and transaminase to produce chiral amino alcohols from non-

chiral substrates. Transketolase catalyses asymmetric carbon-carbon bond

formation and transaminase catalyses amine group additions. This cascade is

useful to the pharmaceutical industry, as it can produce a single diastereomer of

2-amino-1,3,4-butanetriol (ABT) which is used to build protease inhibitors.189,190

To create a tandem reactor in SBA-15, the parameters identified in this thesis

must be integrated into experiments. SBA-15 with adequate pore diameter to

accommodate each of the enzymes will need to be synthesised. Then, it must

be determined if the cascade reaction takes place adequately in a pH

intermediate to the isoelectric points of the enzymes and the silica.
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8.2.4 Chaperonin-inspired refolding of denatured enzymes

The inspiration for this thesis is the GroEL/ES chaperonin complex, which helps

newly synthesised proteins fold into their correct three-dimensional structures. It

is an interesting research question to consider if our inorganic chaperonin

analogue, SBA-15, is capable of such behaviour in vitro. Like chaperonins,

SBA-15 supplies precise steric confinement to immobilised enzymes, as well as

an electrostatically-favourable and hydrophilic microenvironment.

To investigate this idea, enzymes such as myoglobin, lysozyme, and trypsin

could be denatured by high temperature or acid. Then, SBA-15 would be

introduced to the solution. The amount of unfolded enzyme adsorbed to SBA-15

would be quantified, and the immobilised enzymes’ activities tested. These

enzyme activities would be compared to those of still-unfolded enzyme, as

controls.

It is unlikely that adsorbing unfolded enzyme to SBA-15 would completely

recover their activity. This is especially true in the case of myoglobin, which will

often lose its haem prosthetic group upon unfolding. However, if even some

activity is regained, it would be a completely novel finding. Further, if any such

effect is affected by the SBA-15 pore size, or by the solution pH at which the

unfolded enzymes is adsorbed, it would help to clarify the relative importance of

SBA-15’s controllable pore size and negatively-charged surface to its

effectiveness as an immobilisation material.
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