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Summary

The aim of this study was to investigate the effects of adsorption on 
ceramic particles on the catalytic activities of enzymes. Although the key 
interaction forces that govern protein adsorption on inorganic particles are 
known, their influence on enzymatic activity has been poorly evaluated 
and difficult to predict. Enzyme immobilization on inorganic oxide particles 
is a widely employed technique that permits the reuse of costly enzymes 
in catalytic processes. An understanding of the major factors that control 
protein adsorption and their impact on the catalytic activities of enzymes 
will lead to more individualized immobilization with increased enzymatic 
activity after immobilization.

The adsorption of the proteolytic enzyme a-chymotrypsin on silica (Si0 2 ), 
alumina (AI2O3 ), and two types of titania (TiCh) was studied. The enzyme 
adsorption process was specifically investigated by extensive material 
characterization before and after adsorption, quantification of the 
adsorbed enzyme and detailed enzymatic activity measurements. The 
assays required to investigate the enzymatic activity of the adsorbed 
Chymotrypsin were optimized and adapted for specific application to oxide 
colloidal particles based on known assays for dissolved enzymes. 
Furthermore, the experimental results were interpreted based on 
complementary simulations. Covalent enzyme immobilization on amino- 
functionalized AI2O3 and Si0 2  was also performed. The effects of 
immobilization on the enzymatic activity of a-chymotrypsin were 
additionally investigated by employing matrix-assisted laser desorption 
ionization time-of-flight mass spectroscopy (MALDI-ToF-MS) using 
lysozyme as the enzyme substrate to analyze multiple lysozyme-derived 
peptides after proteolytic digestion. The main findings of this thesis are as 
follows:

Physisorption:

• Chymotrypsin adsorbed efficiently on all tested colloidal particles in 
a concentration- and pH-dependent manner; adsorption increased 
with increasing pH.

• Adsorption increased as the hydrophobicity of the particles 
increased.

• The highest adsorption affinities were exhibited by the two types of 
TiC>2 , followed by AI2O3 and then SiC>2 .
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• An activity assay for adsorbed enzymes was established as a simple, 
rapid method to determine the changes in the catalytic activities of 
adsorbed enzymes.

• A substantial loss in enzymatic activity was observed after 
adsorption for all tested colloidal particles.

• For Chymotrypsin adsorbed on TiC>2 (rutile), an increase in the Km 
value for the artificial substrate p-nitrophenyl acetate (p-NPA) was 
analyzed and potentially attributed to blockage of the active site or 
conformational changes due to adsorption.

• Lateral enzyme-enzyme interactions appeared to have little 
influence on enzymatic activity, which was similar for all colloidal 
particles and was largely independent of the surface density of the 
adsorbed enzymes.

Covalent im mobilization:

• The formation of lysozym e-derived peptides was induced by 
covalently immobilized Chymotrypsin on the surface of particles.

• Kinetic studies revealed that Chymotrypsin bound to colloidal 
particles remained active longer than unbound Chymotrypsin.

• A reduction in enzymatic activity and slower digestion kinetics were 
observed after immobilization to both AI2O3 and Si0 2  particle types.

• The loss of enzymatic activity was more pronounced for S i0 2  than 
for AI2O3 in cyclic reusability studies, likely due to differences in the 
digestion reaction and possible steric hindrance.

• Both materials retained lysozyme digestion activity after 7 weeks of 
storage at room temperature.
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Zusammenfassung

Das Ziel dieser Arbeit war die Untersuchung der Auswirkungen der 
Enzymadsorption auf keramischen Partikeln auf die katalytische Aktivität 
der Enzyme. Obwohl die wichtigen Wechselwirkungen, die die 
Proteinadsorption auf Oxidpartikeln beeinflussen, bekannt sind, ihr 
Einfluss auf die enzymatische Aktivität ist wenig untersucht und 
unzureichend vorhersehbar. Enzymimmobilisierung auf anorganischen 
Oxidpartikeln ist eine weit verbreitete Methode um die 
Wiederverwendbarkeit der kostspieligen Enzyme in katalytischen 
Prozessen zu ermöglichen. Das Verstehen der Hauptfaktoren, die die 
Adsorption steuern und deren Einfluss auf die katalytische Aktivität der 
Enzyme kann zur Auswahl einer individuelleren Immobilisierungsmethode 
und somit zu einer gesteigerten enzymatischen Aktivität nach der 
Immobilisierung führen.

Die Adsorption des proteolytischen Enzyms a-Chymotrypsin auf 
Siliciumoxid (Si0 2 ), Aluminiumoxid (AI2O3) und auf zwei Arten von 
Titanoxid (TiÜ2 ) wurde erforscht. Der Prozess der Enzymadsorption wurde 
mit Hilfe der ausführlichen Materialcharakterisierung vor und nach der 
Adsorption, der Bestimmung der adsorbierten Enzymmenge und der 
detaillierten Messungen der enzymatischen Aktivität untersucht. Die 
Analysemethoden, die für die Untersuchung der katalytischen Aktivität des 
adsorbierten Chymotrypsin nötig waren, wurden im Rahmen dieser Arbeit 
für die spezielle Anwendung mit kolloidalen Oxidpartikeln basierend auf 
bekannter Untersuchungsmethode für gelöste Enzyme optimiert und 
weiterentwickelt. Desweiteren wurden die experimentellen Ergebnisse 
basierend auf ergänzenden Simulationen interpretiert. Zusätzlich wurde 
die Methode der kovalenten Enzymimmobilisierung auf 
aminofunktionalisierten AI2O3- und Si0 2 -Partikeln angewendet. Die 
Auswirkung auf die katalytische Aktivität von a-Chymotrypsin wurde mit 
MALDI-ToF-MS untersucht, indem die Peptide aus dem proteolytischen 
Verdau des Substrates Lysozym analysiert wurden. Die Hauptergebnisse 
dieser Arbeit sind folgende:

Physisorption:

• Chymotrypsin adsorbierte auf allen getesteten kolloidalen Partikeln 
und wies dabei Konzentrations- und pH-Abhängigkeit auf, wobei die 
Adsorption mit steigendem pH gestiegen ist.

• Höhere Adsorption wurde für hydrophobere Oberflächen beobachtet.
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• Beide Arten von Ti0 2  zeigten die höchste Adsorptionsaffinität, 
gefolgt von AI2O3 und zuletzt von SiC>2 .

• Aktivitätstest für adsorbierte Enzyme wurde etabliert und diente als 
einfache und schnelle Methode zur Bestimmung der Änderungen der 
katalytischen Aktivität von adsorbierten Enzymen.

• Erheblicher Verlust der enzymatischen Aktivität wurde nach der 
Adsorption auf allen getesteten kolloidalen Partikeln beobachtet.

• Für das adsorbierte Chymotrypsin auf Ti0 2  (Rutil): Anstieg des KM 
Wertes für das künstliche Substrat p-Nitrophenylacetat (p-NPA) 
wurde festgestellt, wobei die Blockierung des Aktivitätszentrums 
oder die Konformationsänderungen wahrscheinliche Ursachen dafür 
waren.

• Seitliche Wechselwirkungen der benachbarten adsorbierten Enzyme 
schienen die enzymatische Aktivität kaum zu beeinflussen, da diese 
für alle kolloidalen Partikel größtenteils unabhängig von der Dichte 
der adsorbierten Enzyme auf der Oberfläche blieb.

Kovalente Immobilisierung:

• Die Entstehung der Peptide, die Lysozym zugeordnet wurden, wurde 
durch die Präsenz des kovalent immobilisierten Chymotrypsins auf 
der Partikeloberfläche herbeigeführt.

• Kinetische Untersuchungen: Chymotrypsin, das auf Partikeln 
immobilisiert wurde, blieb länger aktiv als das nicht immobilisierte 
Chymotrypsin.

• Verringerung der enzymatischen Aktivität und langsamere Kinetik 
der Verdauung wurden nach der Immobilisierung auf AI2 O3 und SiC>2 

beobachtet.
• Die Verringerung der enzymatischen Aktivität bei den 

Wiederverwendungsstudien war mehr ausgeprägt für SiC>2 als für 
AI2O3 und war am wahrscheinlichsten durch die Verdaureaktion und 
die möglichen sterischen Hinderungen zu erklären.

Beide Materialien waren aktiv bei dem Verdau von Lysozym nach 7 
Wochen Lagerung bei Raumtemperatur.
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1 Introduction

ABSTRACT: This chapter provides an introduction to the aim s and 
motivation and describes the key questions o f the completed study.

1.1 Aims and motivation

Colloidal nano- and submicron-sized ceramic materials are widely used 
due to their advantageous and unique properties, such as customizable 
surface Chemistry, high surface area, and biocompatibility1, 2. Based on 
the strengths of these characteristics, these materials have been 
employed in many different biological, biotechnological, and biomedical 
applications, such as implants, biosensors, bioreactors, drug delivery 
systems, biomolecule Separation and purification systems, enzyme 
carriers, and proteomic applications2'5. Various applications include protein 
immobilization either in the form of uncontrolled protein adsorption in the 
case of protein corona formation on implants and biomaterials or in the 
form of artificially covalently immobilized proteins for biosensors, 
purification systems, and lab-on-a-chip reactors3"9.

Since the first demonstration of an immobilized enzyme in 19503, 
numerous studies have been performed with the aim of understanding the 
processes underlying the interactions between proteins and carrier 
materials. Another challenging topic in this research field is the 
investigation of protein adsorption on colloidal particles exposed to 
biological environments, such as cell cultures, cell lysates, and blood5,10. 
Because the particles interact with proteins from the surrounding 
environment and build an uncontrolled protein layer, this newly formed 
particle surface becomes the interface at which subsequent interactions 
between the particles and the biological system occur. More detailed and 
fundamental investigation of the protein-ceramic interface is therefore 
needed in biomaterials research.

A special emphasis in biomaterials research is enzyme immobilization, 
which offers advantages such as increased stability, higher catalytic 
activity, continuous operation, and resistance to environmental changes 
such as pH and temperature7, n "18. Because enzymes are costly 
components of catalysis processes and the recovery of dissolved enzymes

1
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is extremely expensive and time-consuming, enzyme immobilization offers 
a welcome simplification of the Separation and recovery processes7,11"18.

Various enzyme immobilization strategies have been employed for 
numerous applications. Four key methods can be highlighted: i) physical 
adsorption or physisorption; ii) covalent binding; iii) physical entrapment, 
such as in a polymeric matrix or mesoporous Si0 2 j and iv) affinity 
methods, e.g., using avidin, biotin or metal chelation3, 7' 15, 19. Each 
immobilization strategy has both advantages and disadvantages. 
Physisorption is the mildest immobilization method due to the absence of 
additional chemical substances. Hence, physisorption has the greatest 
potential to preserve the native structure of the active site of the 
immobilized enzyme3, 4. However, the immobilized enzymes are 
theoretically in equilibrium with the medium and can be desorbed upon 
changes in pH, temperature, and ionic strength or by the addition of other 
competing proteins4,9,20"2S. Covalent immobilization strategies and affinity 
methods often result in an immobilized enzyme that is more stable against 
environmental changes. The main disadvantage of covalent immobilization 
is the involvement of additional linkers, spacers, and other coupling 
substances, which can promote unwelcome side reactions and decrease 
catalytic activity. Furthermore, the immobilized enzymes, which are 
entrapped within a highly cross-linked polymer matrix or encapsulated 
within a membrane, can exhibit limitations in terms of the diffusion of 
both analytes and products3,15,26. To minimize the disadvantages of each 
immobilization method, it is essential to carefully select the experimental 
conditions for the immobilization, to maximize the immobilization rate, 
and to strike a balance between the structural stability of the enzyme and 
the stability of the immobilized layer.

General trends in protein adsorption as a basic process involving 
interactions between the carrier material and proteins have been 
identified. Protein adsorption is influenced by pH, ionic strength and 
temperature4' 9' 20'25. Proteins generally adsorb more readily on 
hydrophobic surfaces, promoting the release of water molecules and 
increasing entropy4, 9> 27"29. Protein adsorption and orientation are also 
governed by electrostatic forces between the carrier material and the 
proteins3,4' 20'23,27,30'33. The surface and curvature of the carrier material 
influence adsorption9' 20,34, 35. However, the mechanisms underlying the 
adsorption process and the complex interplay of the multiple driving 
forces are not well understood and require further clarification. Further

2
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investigation may also improve enzyme immobilization strategies and 
applications based on immobilized enzymes.

A key goal of this thesis is to analyze the effects of colloidal ceramic 
particles on the enzymatic activities of adsorbed or covalently immobilized 
enzymes (see Figure 1.1). Given the full complexity of the interactions 
between enzymes and colloidal particles, a simple model system is 
preferred. A serine protease, a-chymotrypsin, was chosen as a model 
enzyme. a-Chymotrypsin is a well-known protease with a well- 
characterized structure, thoroughly investigated enzymatic activity and a 
wide ränge of possible applications. Two key immobilization strategies, 
physisorption and covalent binding, were examined in this work, and four 
types of colloidal materials, specifically AI2O3 , SiC>2 and two types of TiC>2 , 
were used depending on experimental requirements. Physisorption is the 
most straightforward and mild method of immobilization3' 4' 7' 17. 
Alterations in activity caused by linkers and additional chemical 
substances can be excluded because no additional reagents are required 
for this process. However, desorption processes must be examined and 
prevented for the physisorption method3,4' 7' 17. Because of the limitations 
of physisorption in terms of desorption processes in some technical 
applications, covalent binding was employed as an alternative 
immobilization method.

H o w  d o e s

im m o b iliz a tio n

Figure 1.1 Graphical representation of the primary question of this thesis.

3
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The driving forces for enzyme adsorption were determined for the chosen 
colloidal systems. For this purpose, factors such as pH, ionic strength, and 
temperature were controlled. Various analyses, such as protein adsorption 
experiments, dynamic light scattering measurements, circular dichroism 
measurements, and zeta potential measurements, were performed and 
investigated in detail. Scanning electron microscopy, transmission electron 
microscopy, and Volumetrie measurements of gas adsorption isotherms to 
determine specific surface area and hydrophobic/ hydrophilic properties 
were employed to further characterize the carrier materials.

The main focus of this work is the assessment of the enzymatic activities 
of immobilized enzymes. These data can be difficult to obtain because 
enzymatic activity may be altered by various factors, including orientation 
on the surface, denaturation, and steric hindrance4, 15, 16, 21, 29, 36'38. In 
addition, the total number of particles in a particle-containing solution 
and/ or the number of enzyme molecules bound to each particle may be 
unknown. Conventional assays for the direct measurement of the activities 
of dissolved enzymes are often based on UV/ Vis spectrometry and are 
thus not applicable for enzymes immobilized on colloidal particles because 
these particles increase light scattering and consequently produce false 
results. To circumvent these Problems, a method to measure the activity 
of dissolved enzymes using p-nitrophenyl acetate (p-NPA) 3 9 ' 4 1  as the 
enzyme substrate was adapted to allow its use for adsorbed enzymes. 
Within the frame of this work, the optimized procedure and methodology 
will be demonstrated in detail. Because coupling substances that are used 
for covalent immobilization interfere with this optimized assay, the 
enzymatic activity of covalently immobilized Chymotrypsin was estimated 
by matrix-assisted laser desorption/ ionization time-of-flight mass 
spectroscopy (MALDI-ToF-MS) using lysozyme as an enzyme substrate.

Finally, the experimental results will be discussed in the context of the 
results of representative simulations. These simulations were performed 
under the same conditions as in the adsorption experiments within a 
collaborative project involving the Advanced Ceramics Group (Faculty of 
Production Engineering, University of Bremen, Germany), the Center for 
Biomolecular Interactions Bremen (Faculty of Biology/ Chemistry, 
University of Bremen, Germany), and the Hybrid Materials Interfaces 
Group (Faculty of Production Engineering and Bremen Center for 
Computational Materials Science, University of Bremen, Germany).

4
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2 Interactions between colloidal particles in 
aqueous suspension

ABSTRACT: Chapter 2 provides an introduction to the m ajor non-covalent 
interaction forces essential fo r the interactions between particles and 
proteins and between collo idal particles in aqueous media. van der Waals 
and electrostatic interactions are explained in detail, including 
explanations o f the Hamaker constant, particle surface Charge, particle 
zeta potential, the electric double layer, and the role o f the medium 's ionic 
strength and pH. The Derjaguin, Landau, Verwey, and Overbeck (DLVO) 
theory is introduced to estim ate the interaction potential between colloidal 
particles. Non-DLVO forces are also briefly presented with a focus on 
hydrogen bonding and hydrophobic interactions.

2.1 Van der Waals forces

To explain the fundamental interaction forces between colloidal particles 
and between proteins and colloidal particles, both proteins and colloidal 
particles are assumed to be spherical particles for the entirety of 
Chapter 2. The interaction forces between two spherical particles originate 
from the interplay between the molecules in the particles and the medium 
that surrounds and separates the particles. The van der Waals forces 
result in dipole-dipole interactions between the molecules in the particles 
and produce strong attractive forces. An outstanding demonstration of 
these forces is the feet of the gecko, which allow climbing on smooth 
surfaces and even walking upside-down on the ceiling due to van der 
Waals interactions42.

Three different types of van der Waals interaction forces have been 
identified43: i) dipole-dipole interactions (also called orientation forces, 
introduced by Keesom44); ii) dipole-induced dipole interactions (also 
referred to as induction forces, introduced by Debye45); and iii) fluctuating 
dipole-induced dipole interactions (also referred to as dispersion forces, 
introduced by London46). The total van der Waals interaction force is the 
sum of these three forces. The London-van der Waals force is typically 
dominant compared to the other forces. Mathematical details for all three 
contributions are discussed in physical Chemistry books as described in the 
indicated references42, 43, 47"50. This model was first developed for

5
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intermolecular microscopic interactions and was expanded and applied to 
macroscopic bodies such as colloidal particles by summing the forces 
between the molecules in the particles. Based on this model, Hamaker 
described the dependency of the London-van der Waals interaction 
potential WVdw of two spherical particles with radii rj and r2 on the 
Separation distance H  of the particles as follows51:

= A f2rjr2 | 2 rir2
+ In-

m
6 V m  m +  4 r \r2 m +  4r1r2

(2 .1)

where m =  H 2 + 2(r1 + r2) H. The Hamaker constant A  describes the 
pairwise additive interaction forces between the molecules in a given 
system. The Hamaker constant Au for the interaction of two components of 
a material /' can be calculated for London-van der Waals interactions for 
short distances and in a vacuum as follows43:

Au = n 2nfßu (2 .2)

where n, is the number of atoms per unit volume and ßa is the London van 
der Waals constant, which is given by equation ßa = 1a2hv. v  is the orbit 
frequency of the electron, a is the polarizability of the material, and h is 
Planck's constant. The Hamaker constant (A^2) for the interaction 
between two particles composed of material 1 and material 2 in medium 3 
can be calculated as a function of the Hamaker constant for the interaction 
between the atoms of the particle composed of material 1 {An), between 
the atoms of the particle composed of material 2  (A22), and between the 
atoms in medium 3 (A33)43:

■^132 — ( Ä - V ^ ) ( Ä - V ^ )  (2-3)

Table 2.1 presents the Hamaker constants of selected metal oxides and 
the enzyme o-chymotrypsin in water (Apartide-water-particie and A enzyme-wa ter- 
enzyme, respectively). All data were obtained from the indicated 
references52"54. An approximation of Aparticie-water-enzyme is given by the
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equation42 i4 132 » s/A131 * A232 ■ The Hamaker constant can be determined 
experimentally from surface force measurements using a surface force 
apparatus or atomic force microscopy52'54.

Table 2.1 Hamaker constants of metal oxides and o-chymotrypsin in water52'54.

Material a-
Chymotrypsin A120 3 SiC>2 Ti02 (rutile) Ti02 (anatase)

Hamaker 
constant A 

(IO'21 J)
41.1 27.5 1.6 60 37

Using the Hamaker constants given in Table 2.1, the London-van der 
Waals interparticle interaction Potentials can be determined for these 
selected materials using equation (2.1), as illustrated in Figure 2.1.

5  3
<D .55 c
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------ S iO j (180 nm)

------ T i0 2 rutile (161 nm)

------- a-chymotrypsin (4.7 nm)

1 10 
Separation distance H (nm)

100

Figure 2.1 London-van der Waals interparticle interaction potential between two spherical 
particles of the same material in water at 25 °C. For o-chymotrypsin, a molecule diameter of
4.7 nm was used. For Al20 3, S i02, and Ti02 (rutile), particle diameters of 159, 180, and 
161 nm, respectively, were used. T is the temperature, kB is the Boltzmann constant, and 1 
kBT equals 4.11*10'21 J.

The London-van der Waals interaction decreases steeply with decreasing 
particle distance, and the interaction is nearly zero for distances greater 
than 10 nm. The calculation of the van der Waals interaction potential to 
determine the influence of neighboring atoms on interactions was

7
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discussed in detail by Lifshitz and coworkers43, 55. Neighboring atoms can 
influence the polarizability of two interacting molecules and change the 
precise calculation of the Hamaker constant. However, the distance 
dependence trends of the van der Waals interaction remain unchanged42. 
Comprehensive discussions of van der Waals forces and the Hamaker 
constant are provided in the indicated references42,43,49,50,55.

2.2 Electrostatic double layer forces

Both proteins and inorganic colloidal particles have surface charges in 
aqueous media, leading to attractive or repulsive interaction forces 
between the particles, which are referred to as electrostatic interactions or 
electrostatic double layer forces. Electrostatic interactions exert strong 
effects despite large distances between colloidal particles and are 
important driving forces in many biological interactions and adsorption 
processes47, 49. The next subchapter, 2.2.1, explains the origin of the 
surface Charge of a colloid system; this discussion is essential for 
understanding electrostatic interactions.

2.2.1 Surface Charge

The surface Charge on colloidal particles in aqueous environments 
originates from a variety of processes, e.g., the adsorption and 
dissociation of ions on the particle surface and the protonation and 
dissociation of particle surface groups. Amino (-NH 2 ) and carboxyl 
(-COOH) groups on protein surfaces can be protonated or deprotonated, 
leading to positively charged -NH 3+ or negatively charged -COO" groups, 
respectively42, 48. In addition, oxide particles (e.g., AI2O3, Si0 2  and Ti0 2 ) 
have hydroxyl groups (-OH) on their surfaces that can be deprotonated 
( -0 ', negatively charged) or protonated ( - 0 H2 +, positively charged). 
These processes are dependent on the pH of the environment42,47. Figure
2 . 2  illustrates the protonation/ deprotonation of surface groups on 
proteins and metal oxide particles.

8
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a Metal oxide, e.g., S i0 2

-H-. k„
P a r t i c l e - 0 H 24 <— *■ P a r t i c l e - O H  < — *■ P a r t i c l e - 0

b Protein, e.g., a-chymotrypsin 

Protein -  NH3+ «— * Protein -  NH2

-H*.

Figure 2.2 Protonation and deprotonation of surface groups on (a) metal oxide particles and 
(b) proteins.

The pH at which the metal oxide groups dissociate can be determined 
using the mass balance equation of the equilibrium reaction in Figure 
2.2a. The acid dissociation constants for the protonation, Ka l, and the 
deprotonation, Ka2, of the amphoteric hydroxyl groups (corresponding to 
MOH) on metal oxide particles can be calculated as follows56:

where [MOH], [MO- ] and [MOH}] are the surface concentrations of the 
corresponding surface groups in mol m ' 2  and [ff+] is the proton activity in 
mol m"3. The equilibrium constants of the -COOH and -NH 2  protein 
surface groups can be analogously obtained using equations (2.4) and 
(2.5). Dissociation constants are usually expressed as the negative 
decimal logarithm or pKa value, which corresponds to the pH at which half 
of the sites are deprotonated:

Prote in-COOH *— > Protein-COO'

KmOH} — Kal —
[MOH][H+]

[MOHf]
(2.4)

(2.5)

9
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pKa = —log10(Ka) (2 .6)

The surface density of the reactive sites, Ns, which is given as sites per 
m2, can be determined via equation (2.7)56:

Ns = [MOH] + [M0~] + [MOH2+] (2.7)

Based on equations (2.4), (2.5), and (2.6), three terms can be obtained 
to describe the concentrations of the different ionization states that are 
dependent on [//+]. [ff+] is an approximate of the concentration of protons 
in the medium ([H+] » 1 0 -pH):

[MOH] =
Ns[H+]Ka i

[H+]Ka l+KalKa2 + [H+]2 (2.8)

[MO“] NsKalKa2 
[H+]Kal + KalKa2 + [H+ ] 2

(2.9)

(2,0>

Because the concentrations of charged sites on the particle surface are a 
function of pH, the surface Charge density a0 can be calculated as 
follows56:

ob = eNs(6+ -  6_) (2 .11)

where e is the elem entary Charge, 6+ = \  and 0_ = Thus, [MOH]

is greatest when [MOH}] and [M0~] are in equilibrium. The point of zero 
Charge (PZC) is a material constant defined as the pH at which the net
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surface Charge and thus the surface potential are zero. The PZC can be 
written in logarithmic form as follows57, 58:

PZC = ^(PKal + pKa2) (2.12)

For this calculation, the amphoteric surface hydroxyl group is assumed to 
have two pKa values (2-pK model)56,5S. Replacing the equilibrium reaction 
in Figure 2.2a with [MOH0S~] + //+<-» [MOH$-s+], a model with one pKa (1-pK 
model)58, 59 can be applied for metal oxides. According to equation (2.12), 
the PZC is equal to the pKa of the reaction. The 2-pK and 1-pK models are 
controversial in the literature58 but generate similar results under select 
conditions58. Further information can be found in the references56, 58'60.

2.2.2 Zeta potential

The surface charges on colloidal particles create an electric field in 
aqueous media. This electric field attracts a layer of oppositely charged 
counterions, forming the electric double layer42,47,48,50. Figure 2.3 depicts 
the formation of a layer of counterions on a positively charged particle 
surface.

Stem Diffus« Bulk

Figure 2.3 Electric double layer of a charged colloidal particle in aqueous medium at a low 
ion concentration. The diffuse layer contains mobile negatively charged counterions and 
positively charged co-ions. Counterions are adsorbed on the particle surface, called the
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Stern layer. The particle surface potential is <4J0 and decreases with increasing distance from 
the particle surface. The zeta potential is measured at the shear plane of the Stern and 
diffuse layers. xD is referred to as the Debye-Hückel length. and xD are explained in this 
chapter.

A layer of counterions adsorbs on the particle surface to form the Stern 
layer, which is also known as the Helmholtz layer. The Stern layer is 
typically immobile, but ongoing exchange with ions in solution occurs49,50, 
61. The resulting diffuse layer consists of mobile co-ions and counterions 
that are in thermal motion. Both layers counteract the particle's surface 
Charge. The electrostatic potential determines the distribution of ions in 
the layers and is maximal at the particle surface. It decreases linearly in 
the Stern layer and exponentially in the diffuse layer with increasing 
distance from the particle surface, as shown in Figure 2.349,50,61. The zeta 
potential V f is the potential at the shear plane, where the Stern layer ends 
and the mobile diffuse layer begins. The zeta potential can be determined 
by electrokinetic measurements, which are described in Chapter 7. 
Analogous to the surface Charge, the zeta potential is a function of the pH 
of the medium. The pH at which the zeta potential of colloidal particles is 
zero is referred to as the isoelectric point (IEP). The zeta Potentials of 
colloidal AI2O3, Si0 2  and two types of Ti0 2  particles as a function of pH are 
presented in Figure 2.4. For an ideal electrolyte-free system, the 
previously described PZC would be equivalent to the IEP61.

>
E
m
c
03o
Q.
(0

pH

Figure 2.4 Zeta potentials of colloidal Al20 3, S i02 and two types of T i02 particles as a 
function of pH. Electroacoustic spectroscopy measurements were performed in double- 
deionized water at an initial ionic strength of 3 mM adjusted with KCl. The IEP is the pH at 
which the zeta potential is zero. The average lEPs of Al20 3, S i02, T i02 (78% rutile, 22%
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anatase), and Ti02 (rutile) are approximately 9.9 ± 0.1, 2.7 ± 0.1, 6.6 ± 0.1, and 8.3 ± 0.3, 
respectively.

2.2.3 The Poisson-Boltzmann equation

The Poisson-Boltzmann equation enables the calculation of the potential 
distribution in the diffuse layer as a function of the distance from the 
particle surface. This equation is essential for understanding electrostatic 
interactions in biological and colloid systems42, 48'50. The following 
mathematical considerations were primarily obtained from references42,48" 
50 with additional modifications and comments. The Poisson equation 
describes the relationship between the electrostatic potential <V in the 
diffuse layer and the local Charge density47:

d 2V  d 2V  d 2V  peV2iy = ------ 1------- 1------= — —
dx2 dy2 dz2 ere0 (2.13)

where pe is the local electric Charge density in C m'3, er is the relative 
permittivity of the medium, and £o is the permittivity of free space. x, y, 
and z are the Cartesian Coordinates indicating the location of V . The local 
ion density c, can be derived using the Boltzmann equation47:

ct = cfe~w^ T (2.14)

cf is the concentration of ion / in the bulk medium in units of ions per m3, 
kB is the Boltzmann constant, and T is the temperature. W) is the work 
required to move the /th ion in solution from an infinite distance to a 
Position near the particle surface at which the potential is V. For the next 
step, an assumption is made that the work required to displace other 
molecules can be neglected and only electric work is needed to move the 
ion. This electric work needed to move a charged ion to the position of V  
is Wi = z/eV, where z-, is the valence of the ions. The local Charge density 
pe is calculated as the sum of all ions50,62:
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Combining equations (2.13), (2.14), and (2.15) leads to the Poisson- 
Boltzmann equation50, 63:

V2̂  = — — V -zieW/keT (2.16)W H

The simplest solution for the Poisson-Boltzmann equation is for an 
infinitely extended planar surface because the potential cannot change in 
the y and z directions because of symmetry47. This condition eliminates 
the y and z coordinates in the Poisson-Boltzmann equation. Based on the 
assumption that el^l «  kBT, which corresponds to a potential of 
approximately 25 mV at 25 °C, the 'linearized Poisson-Boltzmann 
equation' can be derived47:

For many applications, the result is valid even for higher potentials up to 
50-80 mV42, 47. The term in brackets in equation (2.17) is the square of 
the reciprocal Debye-Hückel length, k ,  which is depicted in Figure 2.3 and 
is given by the following:

The Debye-Hückel length xD is defined as the thickness of the layer of ions 
that screens the surface potential. Equation (2.18) shows that xD depends 
on the ionic strength I  of the bulk medium, which is given by the 
following:

(2.17)

(2.18)
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(2.19)

For example, the Debye-Hückel length of a 0.1 M aqueous NaCI solution at 
25 °C is 0.96. In water, the Debye-Hückel length cannot be longer than 
680 nm. Due to the dissociation of water, the ion concentration cannot be 
less than 2 x 10" 7 M42.

Combining equations (2.17) and (2.18) yields the following:

Considering the boundary conditions to be V'-* Vo as x -► 0 and V-» 0 as 
x —►oo, equation (2 .2 0 ) can be converted to obtain V a s  a function of the 
distance and the reciprocal Debye-Hückel length42' 62:

V 0 is the particle surface potential when the potential drop in the Stern 
layer is neglected. However, the calculation is only valid for the diffuse 
layer. Considering the Stern layer, V 0 is an approximation of the zeta 
potential </̂ 64. The potential around colloidal particles is calculated as 
follows47:

where Rs is the radius of the spherical particle and r  is the radial distance 
at any point in the double layer from the center of the particle, such that 
x  = r  - Rs. The applied boundary conditions are V'-» V'oas r->Rs and 0 
as r->oo. The total electric Charge density in the diffuse layer equals the 
surface Charge density a0 = - / ” pe (see Chapter 2.2.1), yielding the 
following61' 63' 65:

(2 .20)

V(a:) = Voe““ (2 .21)

W(x) = %(Rs/r)e-<r- R̂ (2.22)
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%  =
0 0

Er E0 K (1+sr)
(2.23)

Because equation (2.23) was derived from the linearized Poisson- 
Boltzmann equation (2.17), it is only valid for surface Potentials of 
< 25 mV. For higher potentials, the more complex non-linearized Poisson- 
Boltzmann equation is required63. Additional considerations for the 
Poisson-Boltzmann equation can be found in the references42, 47, 49,50, 63,
64

Figure 2.5 illustrates the dependencies of the introduced terms. Figure 
2.5a depicts the Debye-Hückel length as a function of the ion 
concentration in the bulk medium. Figure 2.5b illustrates the decrease in 
electrostatic potential with increasing distance from the particle surface as 
a function of the ion concentration. Figure 2.5c depicts the surface 
potential as a function of the surface Charge density at a constant ionic 
strength. As the ionic strength increases, the thickness of the double layer 
and consequently the electric potential decrease. The larger the surface 
Charge density, the larger the surface potential at a constant ionic 
strength.

lonic strength (M) Distance x from surface (nm) Surface Charge density o <C m J)

Figure 2.5 (a) Debye-Hückel length as a function of the ion concentration (calculated using 
equation (2.18)). (b) Decrease in the electrostatic potential with increasing distance from the 
particle surface as a function of the ion concentration in bulk medium for a surface potential 
of Vo= 25 mV (calculated using equation (2.21)). (c) The surface potential as a function of the 
surface Charge density at a constant ionic strength of 0.01 M (calculated using equation 
(2.23)). All calculations were performed using a particle diameter of 161 nm at 25 °C.
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2.2.4 The electrostatic interaction energy between two spheres

For two spheres with different radii, Ri and R2, and different surface 
Potentials, V i and V2, the interaction energy can be calculated as 
follows63:

Wdl(H) = n£r£0 R-i Ry
(Ri + R2)

{(^i + ̂ z)22n(l + e“**)

+ OFi -  ^2)2«n(l -  e_KH)}
(2.24)

This equation is analytically derived from the linearized Poisson-Boltzmann 
equation and is consequently only valid for surface Potentials < 25 mV63. 
Figure 2.6 presents the interparticle interaction potential of two 161-nm 
spheres as a function of the distance between the spheres, which was 
calculated using equation (2.24) for different ionic strengths (Figure 2.6a) 
and surface Potentials (Figure 2.6b and c). The interparticle energy 
decreases at higher ionic strengths and lower surface Potentials. The 
magnitude of the surface potential determines the attraction between two 
oppositely charged spheres.

-1 M 
0 1 M 
0.01 M 
0 001 M 

• 0 0001 M

11

------ 5 mV
-  -  10 mV
• • • 15 mV
----- 20 mV

• 25 mV

—  10 m V  4  T j . - lo m V  

- » . • IS m V & f*. • -15 mV 

■ • 'f . -  »20 m V  4  f  ■ -20  mV

Separation distance H (nm) Separatton distance H (nm)

Figure 2.6 (a) Interparticle interaction potential of two spheres as a function of the spheres’ 
Separation distance calculated for different ionic strengths. V i = W2 = 25 mV was used for 
the calculations. (b) Interparticle interaction potential of two spheres at a constant ionic 
strength of 0.01 M for different surface Potentials, (c) Interparticle interaction potential of two 
spheres with opposing surface Potentials at a constant ionic strength of 0.01 M. All 
calculations employed a particle diameter of 161 nm at 25 °C and equation (2.24).
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Furthermore, the mechanism of repulsion is not only a result of the 
surface Charge. When two charged particles approach each other, their 
double layers overlap. The particles are attracted to each other if they 
have opposite surface charges, and the surface Charge of the first particle 
contributes to the Charge compensation of the second particle. 
Conversely, if the particles are sim ilarly charged, the double layers repulse 
due to the osmotic pressure resulting from the ions between the 
particles49.

A  homogenous Charge distribution on the particles was assumed in these 
calculations. By contrast, a heterogeneous surface Charge distribution is 
generally assumed when the distance between the surface charges on the 
particle surfaces is larger than the Debye length42, 47. Heterogeneous 
Charge distributions can result in interactions between net-neutral or 
sim ilarly charged surfaces. Whether the interactions are attractive or 
repulsive depends on the orientation of the charged regions42,47.

2.3 The DLVO theory

Derjaguin, Landau, Verwey, and Overbeek described how a combination of 
van der Waals forces and electrostatic forces influences interparticle 
interaction. In their honor, this theory is called the DLVO theory49. The 
DLVO theory defines interparticle interaction as a function of the particles' 
Separation distance via the simple summation of electrostatic double layer 
forces and van der Waals forces:

WDLV0 (ff) = Wvdw (ff) + WDL (ff) (2.25)

The theory is a simple method to estimate the stability of colloidal particle 
suspensions and to understand adsorption processes. Despite the 
assumptions made during the calculations of the individual forces, values 
calculated according to the DLVO theory correlate well with experimental 
data42, 47, 49. Figure 2.7 illustrates how different Parameters influence the 
interparticle interaction potential Wdlvo■ Figure 2.7a illustrates the 
influence of the Hamaker constant on the interparticle interaction potential 
between two 161-nm-diameter spheres. Calculations were performed for a
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1:1 electrolyte solution with a constant ionic strength of 0.001 M and a 
surface potential of V i = ^2 = 25 mV. Figure 2.7b depicts the influence of 
the surface Potentials of particles with constant Hamaker constants at a 
constant ionic strength of 0.001 M. Figure 2.7c demonstrates the influence 
of different ionic strengths on the interparticle potential of particles with 
constant Hamaker constants and constant surface Potentials of 25 mV.

a b c

Separation distance H  (nm)Separation dutanee H (nm)

■ -  25 mV 
• • 15 mV 

10 mV

Separation distance H (nm)

-- 2*10 
• • • 4*10* J  

'  A  ----- 6*10® J
-  •

Repufcion

Figure 2.7 (a) The influence of different Hamaker constants on the interparticle interaction 
potential between two 161-nm-diameter spheres with a surface potential of V i  = W2 = 
25 mV and a constant ionic strength of 0.001 M in a 1:1 electrolyte solution. (b) The influence 
of different surface Potentials of particles at a constant ionic strength of 0.001 M and with a 
constant Hamaker constant of 6*10'20J. (c) Influence of different ionic strengths on the 
interparticle potential of particles with a constant Hamaker constant of 6*10'20J and a 
constant surface potential of ^1 = ^2  = 25 mV. All calculations employed a particle diameter 
of 161 nm at 25 °C and equation (2.25).

Negative values indicate attraction, whereas positive values indicate 
repulsive forces. Consequently, as the maximum of the curve increases, 
the tendency of a suspension to aggregate decreases because of stronger 
repulsive forces. A higher Hamaker constant leads to stronger attractive 
forces. A larger particle surface potential causes larger repulsion between 
the spheres, and a higher ionic strength diminishes the repulsive forces.

Thus, the DLVO theory enables an approximation of the interaction 
Potentials between metal oxide particles and proteins. Figure 2.8 depicts 
the interaction potentials of a-chymotrypsin interacting with AI2O3, SiC>2 

and T i0 2  particles. For the Al203, S i0 2  and T i0 2 particles, a positive 
surface potential of 25 mV and particle diameters of 159, 180 and 
161 nm, respectively, were assumed. For a-chymotrypsin, a diameter of 
4.7 nm and surface potentials of -7 mV or 7 mV were assumed. A stronger 
attraction is predicted between a-chymotrypsin and TiC>2 or AI2O3 particles,
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whereas the attraction between a-chymotrypsin and SiC>2 occurs at 
smaller distances (see Figure 2.8a).

Separation distance H (nm) Separation distance H (nm)

Figure 2.8 Interparticle interaction potentials for a-chymotrypsin interacting with Al20 3, S i02 
and Ti02 (rutile) particles. For Al20 3, S i02 and Ti02 particles, diameters of 159, 180, and 
161 nm, respectively, and a surface potential of 25 mV were assumed. For a-chymotrypsin, a 
diameter of 4.7 nm and a-chymotrypsin surface potentials of -7 mV (a) and 7 mV (b) were 
assumed. The Hamaker constants stated in Table 2.1 were applied for the calculation using 
equation (2.25). The assumed conditions were an ionic strength of 0.001 M in a 1:1 
electrolyte solution at 25 °C.

2.4 Non-DLVO forces

Forces other than the van der Waals and electric double-layer forces also 
influence interparticle interactions. The following forces are also relevant 
for aqueous systems and are "far from being understood"42: repulsive 
steric forces, hydration, and hydrophobic forces42,43,47,49. Repulsive steric 
forces are caused by exposed molecules that project from the surface of 
colloidal particles42' 47, 61. The protruded molecules can sterically interfere 
with the approach of two particle surfaces because of entropic or osmotic 
repulsive forces. However, depending on the type of molecule on the 
particle surface, steric forces can also build a bridge between particles, 
implying attraction49.

Hydration and hydrophobic forces depend on the interaction of the particle 
surface with water molecules. These forces are essential for many 
biological interactions, such as the formation of protein structures and for 
protein-material interactions. The hydrogen-bonding free energy of
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cohesion of the water molecules that surround colloidal particles Controls 
the interactions42' 43, 47. Forces that induce repulsion due to the water 
layers on hydrophilic surfaces are referred to as 'hydration forces'. 
Because of these hydration forces, the removal of water layers on 
hydrophilic surfaces requires more energy than on hydrophobic surfaces. 
However, this process is necessary for particle-particle attraction. 
Conversely, the water layer has a high free energy and is simple to 
replace on hydrophobic particle surfaces. When hydrophobic particles 
interact with each other, the free energy decreases due to a decrease in 
the surface area exposed to water43, 49. Hydration forces have a ränge of 
approximately 1  nm, and hydrophobic attraction forces have a ränge of 1 -
2 nm and are consequently stronger than van der Waals forces42, 47. 
However, the origin and the effects of hydration and hydrophobic 
interactions are not completely understood and require further 
investigation42' 43, 47. The effects of steric forces, hydration, and 
hydrophobic interaction forces must be included in the DLVO theory to 
generate the extended DLVO theory42,43,47.

Hydrogen bonds are another type of intermolecular force that affects the 
interactions between colloidal particles and between proteins and 
particles. These forces occur between electronegative atoms and hydrogen 
atoms that are covalently bound to similar electronegative atoms with a 
free pair of electrons. Hydrogen bonding generates a bridge between such 
molecules by 'sharing' the hydrogen atom49. Hydrogen bonds are short- 
range forces and only exist when the molecules are in almost direct 
contact. Hydrogen bonding forces are weaker than covalent or ionic bonds 
but stronger than van der Waals forces49. The forces described above are 
not the only forces that influence the interactions between molecules and 
particles in aqueous media. In 2006, van Oss detailed 17 non-covalent 
forces published in the literature43. However, van der Waals, electrostatic, 
hydrophobic, and hydration forces as well as hydrogen bonding are the 
major forces and are of higher priority. Other forces are mainly derived 
from one or several of these main forces43.

21

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


3 Proteins

ABSTRACT: Chapter 3 introduces the m olecular structures and am ino acid 
compositions o f proteins. In additlon, the definition and classification o f 
enzymes w ill be explained, and the selected enzyme, a-chymotrypsin, w ill 
be introduced. The mechanism o f covalently catalyzed hydrolysis o f 
peptide bonds by a-chym otrypsin w ill be presented in detail.

3.1 The amino acid composition of proteins

All proteins are various polymers of the 20 common amino acids. Some 
proteins also contain derived amino acids, which are generally formed via 
enzymatic modification of a common amino acid after it has been 
integrated into a protein. The common amino acids feature a central a- 
carbon atom to which a carboxylic acid group, an amino group, and a 
hydrogen atom are covalently bonded. Additionally, the central a-carbon 
atom is bound to a specific chemical group, referred to as the R side 
chain. This side chain uniquely defines each of the 20 common amino 
acids66. The general structure of a common amino acid is depicted in 
Figure 3.1.

H C O O '
L  JH—N—Cu-H
I I

H R

Figure 3.1 General structure of a common amino acid in ionized form.

The polymerization of the 20 common amino acids into polypeptide chains 
occurs via a dehydration reaction. The a-carboxyl group of one amino acid 
forms a covalent peptide bond with the a-amino group of another amino 
acid via the elimination of a molecule of water. Repetition of this process 
generates a polypeptide or protein with a specific amino acid sequence66"
69
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3.2 Protein structure

The specific amino acid sequence of a protein is the primary structure of 
the protein. The unique primary structure allows a polypeptide chain to 
fold into a specific three-dimensional structure that confers the protein's 
physiological and chemical properties. The location of disulfide bonds is 
also dictated by the primary structure of a protein. The native 
conformation of a protein is the conformation with the lowest total Gibbs 
free energy kinetically accessible to the polypeptide under the specific 
conditions of folding, such as ionic strength, pH, and temperature. Higher 
levels of protein organization are termed secondary, tertiary, and 
quaternary structure and refer to non-covalently generated conformations 
of the polypeptide chain66'69.

The secondary structure implies local folding of the polypeptide backbone 
into helical, pleated sheet, or random conformations. The bond between 
the nitrogen and a-carbon is called the & bond, and the bond between the
o-carbon and the carbonyl carbon is called the ip bond. The third bond 
formed by each amino acid is the peptide bond. The partial double-bond 
nature of bonds between carbon and nitrogen is a barrier to the free 
rotation of the peptide bond. The o-helix and ß-strand conformations of 
polypeptides are the most thermodynamically stable of the regulär 
secondary structures and are illustrated for o-chymotrypsin in Figure 3.2. 
Such structures occur in the segments of a polypeptide chain in which all 
0  bond angles are equal and all ip bond angles are equal. Some 
sequences can possess an unordered or random secondary structure in 
which both the O bond angles and the i/j bond angles vary. In addition, 
the amino acid proline interrupts an o-helical conformation due to its 
Pyrrolidine side chain and prevents the formation of an o-helical structure. 
A  polypeptide chain adopting a ß-structure hydrogen bonds to another 
similar polypeptide region oriented in a parallel or an antiparallel direction. 
Hydrogen-bonded 0-strands resemble a pleated sheet with the side chains 
aligned above and below the pleated sheet-like structure66"69.
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x S.O nm x 4.4 nm x 4.7 nm

Figure 3.2 Secondary structural elements of Chymotrypsin, with the a-helix in purple and the 
ß-sheet in yellow. The active site is shown in black and includes a trio of amino acids: serine 
(Ser 195), histidine (His57) and aspartic acid (Asp102). The secondary structure was 
visualized using Visual Molecular Dynamics (VMD) Software70. The protein structure was 
taken from the protein database PDB-ID 4CHA (RCSB Protein Data Bank, 
http://www.rcsb.org).

Tertiary structure refers to the three-dimensional structure of a 
polypeptide. This includes the geometric relationships between distant 
regions of the polypeptide and the spatial relationships of the side chains. 
A long polypeptide chain typically folds into multiple compact semi­
independent domains, each exhibiting a characteristic compact geometry 
with a polar surface and hydrophobic core. Domains in a multidomain 
protein can be connected by a region that lacks a regulär secondary 
structure and may perform a different task. Quaternary structure refers to 
the non-covalent association of discrete polypeptide subunits into a multi- 
subunit protein. Not all proteins have a quaternary structure. a- 
Chymotrypsin, for example, contains three polypeptides that are 
covalently joined by interchain disulfide bonds into a single covalent unit 
and does not have a quaternary structure66"69.

3.3 Enzymes

Enzymes are proteins that catalyze biological reactions. A catalyst 
increases the rate of a chemical reaction. Enzymes are outstandingly 
efficient catalysts that not only increase the rate of conversion of 
substrate to product but also recognize a specific structure in the presence
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of similar structures to form a unique product66. An enzyme accelerates 
the rate of product formation by lowering the energy of activation, i.e., 
the height of the barrier to the formation of product from substrate66, 67. 
The energy of activation is altered when the enzyme interacts with the 
substrate to stabilize the substrate in a state that will ensure product 
formation, i.e., the transition state. The less stable the transition state, 
the more energy is required for the conversion of a substrate to a product, 
and the slower the reaction will be66.

There are six major classes of enzymes, with each dass catalyzing a 
different chemical reaction: oxidoreductases, transferases, hydrolases, 
lyases, isomerases, and ligases. The enzyme selected in this study, called 
a-chymotrypsin, belongs to the dass of hydrolases and will be further 
described below. An enzyme is usually much larger than its substrate, and 
the part of the enzyme where the substrate binds is referred to as the 
substrate-binding site or the active site (see Figure 3.2). Some enzymes 
are very specific and will bind only one unique structure, whereas others 
can bind many different substrates. The velocity at which an enzyme 
converts substrate to product can be described by the Michaelis-Menten 
equation, which will be introduced in Chapter 6.166'69.

3.3.1 o-Chymotrypsin

The enzyme a-chymotrypsin belongs to the dass of hydrolases. 
Hydrolases catalyze hydrolysis reactions, in which water is added to a 
chemical bond. Moreover, o-chymotrypsin belongs to the dass of serine 
proteases, which are so named due to their reactive serine residue. In the 
natural environment, o-chymotrypsin hydrolyzes the peptide bonds of 
dietary proteins as a digestive enzyme in the pancreas. o-Chymotrypsin 
also cleaves the ester bonds of artificial substrates71. Figure 3.3 depicts 
the reaction mechanism for o-chymotrypsin based on numerous chemical 
and structural data72.
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S ( f  195

S c r195

Ser 195

Accumulation o fth e  
peptide substrate and 

formation of the enzyme- 
substrate complex

i
Cleavage of the peptide 

bond and acylation o fth e  
enzyme: formation of a 
covalent bond between 

the acyi group of the 
peptide substrate and the 
hydroxyl group of Serl95

1
Dissociation of the first 

product

1
Accumulation of water and 
hydrolytic cleavage of the 
acyl-enzyme intermediate

1
Dissociation of the second 
product and restoration of 

the catalytic triad

Figure 3.3 Covalently catalyzed hydrolysis of peptide bonds by o-chymotrypsin (adapted 
from a reference72).
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4 Colloidal particles, their surface 
functionalization and covalent enzyme 
immobilization

ABSTRACT: Chapter 4 introduces selected collo idal particles and discusses 
their structures and relevant properties. The method used fo r the surface 
functionalization o f collo idal particles w ill be introduced. Selected methods 
o f covalent enzyme immobilization w ill be explained in detail.

a-
A lu m in a

A m o rp h o u s

a lu m in a

4.1 Alumina colloidal particles

The thermodynamically stable phase of aluminum oxide is a-AI2 C>3 , which 
is also called corundum and is the fifth-hardest substance after diamond. 
Large quantities of a-AI2 0 3  are produced industrially via the wet 
Processing of bauxite, an aluminum ore, followed by calcination of 
AI(OH)373.

Figure 4.1 Crystal structures of a-AI20 3 and amorphous Al20 3 visualized using VMD70. An 
overview of the structures of a-AI20 3 (a) and amorphous Al20 3 (c). Detailed arrangement of 
aluminum atoms and oxygen atoms in a-AI20 3 (b) and amorphous Al20 3 (d). The atoms are
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represented as follows: aluminum as green spheres, oxygen as red spheres and hydrogen 
as white spheres. The corresponding PDB-ID was kindly provided by the Hybrid Materials 
Interfaces Group (University of Bremen, Germany).

The atomic surface compositions of an C1-AI2O3 particle and a flat surface 
are presented in Figure 4.1a-b. The oxygen atoms are arranged in 
approximately hexagonal close-packed layers74. In contact with aqueous 
environments, the surface atoms can be hydrolyzed to form hydroxyl 
groups. These hydroxyl groups can be protonated or deprotonated 
depending on pH as described in Chapter 2.2.1 in Figure 2.242, 47,74. The 
solubility of AI2O3 is low, 10"6 -10 "7 M, resulting in good stability of AI2O3 at 
pH values of > 4 and < 10. The solubility increases beyond this pH ränge 
and with increasing temperature74, 75. In addition, AI2O3 particles are 
normally not single crystals but polycrystalline particles with different 
crystal planes. Furthermore, amorphous hydroxide structures can be 
formed on the surface of AI2O3 particles, as shown in Figure 4.1c-d76. 
These factors result in a particle surface with several types of outer AI-OH 
groups, and thus the coordination between aluminum ions and hydroxyl 
groups can vary, particularly when additional surface defects are present. 
These variations in coordination lead to different dissociation constants 
and, consequently, different reactivities of the AI-OH groups74, 71. 
However, a-A^Os is usually basic because the PZC of a-Ah 0 3  is 7.2-9.542.

4.2 Silica colloidal particles

Crystalline Silicon dioxide is rather inert and has numerous structures, of 
which quartz is probably the best known73. However, the selected colloidal 
particles in this study are amorphous, as illustrated in Figure 4.2. S i0 2 that 
is freshly prepared, amorphous, and hydrated is usually reactive and 
dissolves in alkaline solutions. After a storage period and drying or at high 
temperatures, it ages and becomes less soluble in alkaline solutions73. 
This phenomenon can be explained by the chemical reactions that occur at 
the silica surface. Silanol groups, Si-OH, which are present in freshly 
synthesized silica, condense during aging to Siloxane groups, Si-O-Si, 
which exhibit higher chemical stability73. The PZC of S iÜ 2 is 1.8-3.442. The 
Variation of the surface Charge with pH is the result of the following 
processes42:
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SiO H 2+  <-> SiO H  +  H + (4.1)

SiO H  <-> SiO ~ +  H + (4.2)

Due to these processes, the surface Charge becomes more negative with 
increasing pH42. For additional Information, the reader is referred to the 
references73,78.

Figure 4.2 The surface of amorphous S i02 was visualized using VMD70. An overview of the 
structure (a) and the detailed arrangement (b) of Silicon atoms and oxygen atoms are shown. 
The atoms are visualized as follows: Silicon as yellow spheres, oxygen as red spheres and 
hydrogen as white spheres. The corresponding PDB-ID was kindly provided by the Hybrid 
Materials Interfaces Group (University of Bremen, Germany).

4.3 Titania colloidal particles

Titanium dioxide, also known as titanium(IV) dioxide and titania, mainly 
occurs in three forms: i) a tetragonal crystal system in rutile, ii) a 
tetragonal crystal system in anatase, and iii) an orthorhombic crystal 
system in brookite73, 79. The two types of TiC>2 colloidal particles selected 
were rutile and a mixture of rutile and anatase (78 wt%/ 22 wt%). Both 
structures are presented in Figure 4.3. Ti0 2  has an amphoteric nature, 
i.e., both acidic and basic properties. However, its basic nature is stronger

a

A m o rp h o u s
silica
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and its acidic nature is weaker compared to Si0 2 . The PZC of TiÜ 2 is 
usually 2.9-6.442.

a  lo o i i  R u tile

1 .9 4 6  A Irtaraum

Figure 4.3 Buik structures of rutile (a) and anatase (b). The tetragonai bulk unit cell of rutile 
has the dimensions a = b = 4.587 Ä, c = 2.953 Ä, and the dimensions of anatase are a = b 
= 3.782 Ä, c = 9.502 Ä. In both structures, slightly distorted octahedrons are the basic 
building units. The bond lengths and angles of the octahedrally coordinated titanium atoms 
are indicated, and the stacking of the octahedra in both structures is shown on the right side. 
This figure is reprinted from a reference79 with kind permission from Elsevier (License 
number: 3618320341726).

4.4 Surface functionalization of colloidal particles

In contact with an aqueous environment, the surface atoms of metal 
oxides can hydrolyze to form hydroxyl groups, providing a foundation for 
the surface functionalization of colloidal particles. Silane coupling agents 
are often used to incorporate the desired functional group on the inorganic 
particle surface80. Common functional groups on particles that enable 
protein coupling include carboxylate, aldehyde, amine, hydrazide, thiol, 
epoxide, and amide groups. In this work, 3-aminopropyltriethoxysilane 
was used to create primary amine groups as shown in Figure 4.4. 
3-Aminopropyltriethoxysilane contains a short organic 3-amino propyl 
group that terminates in a primary amine. This compound is less reactive 
than 3-aminopropyltrimethoxysilane and requires prior hydrolysis in an 
aqueous environment to form silanols. This hydrolysis is usually
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performed in 5wt% water in ethanol at pH 4.5-5.5 and leads to a layer 
with a thickness of approximately 3-8  organosilanes. Consequently, the 
underlying inorganic material is masked, and the aminopropyl functional 
groups on the surface can be used for subsequent functionalization or 
directly for covalent enzyme immobilization80'82.

CMj

Hydrolysis

•jMJ NH,

tCHj), (CH,),

5: OH + HO----Si----OH
1

Oh OH

| Hydrogen
bond

1 form ation

NH, MM, HjN NH,I I I I(CH,>S (CH2>j (CH2). (CH,),
ho— a —o—si—o— st—o —s*—oh

ÖH

I
10«

Silanol
condensation iZKHjN

7 (Ĉ ),
I Io — Si—o  o — a —o
L  L

NH, NH, Ĥ l NH,
\3 r  \ T9P A  « 9 H *  <c h :)3 (CHj )j 

O— Si— O — S<— O — 34— O — S*— Of

Hydrogen bond fo rm ation  w ith  
surface hydroxyl groups

Condensation n h2 n h2 h ,n  nh2I I I I
(C*ih (CHjb (CHj),

HO— S i— O — Si—  O — S i— 0 — S i—  OH

L I  1 1

Covalent bond form ation

Figure 4.4 Chemical structure of 3-aminopropyltriethoxysilane and its reaction on the surface 
of colloidal particles (this figure was adapted from a reference80).

4.5 Covalent enzyme immobilization

In addition to particle functionalization, there are numerous protocols for 
covalent enzyme immobilization. Equally numerous are the possible 
linkers, crosslinkers, spacers and other reactive substances that can be 
applied for the synthesis of covalently bound enzymes. In addition, every 
functional group of an enzyme can be used for immobilization. 
Consequently, the number of possible synthesis routes is enormous. The 
interested reader is referred to the references for additional and extensive 
details7, n ' 13, 15"19, 26, 80"83. The immobilization route via the carboxyl
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groups of the enzyme selected in this study is presented in Figure 4.5. The 
immobilization requires two populär crosslinking agents: l-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide hydrochloride and N-hydroxy- 
succinimide81-82' 84.

0
1

0
1

O oh

I

Colloidal particles 

Calcination for 4h at 400°C

Treatment by autoclave

+ 3-aminopropyltriethoxysilane

2 h incubation at room temperature

3 washing steps with ultrapure water 

drying at 70°C for 12 h 

+  Chymotrypsin,

+ 1 -ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride 

+ N-hydroxysuccinimide

2 h incubation at room temperature

3 washing steps with ultrapure water

Figure 4.5 Simplified synthesis route involving the stepwise modification of colloidal particles 
using 3-aminopropyltriethoxysilane, followed by immobilization of a-chymotrypsin during 
activation with 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride and N- 
hydroxysuccinimide.

l-Ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride is a well- 
known carbodiimide used for conjugating biological substances containing 
amines and carboxylates. l-Ethyl-3-(3-dimethyl-aminopropyl)carbo- 
diimide hydrochloride is water soluble and thus can be directly added to a 
reaction without prior dissolution in organic solvent81, 82, 84. Because both
l-ethyl-3-(3-dimethyl-aminopropyl)carbodiim ide hydrochloride and the
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isourea formed as a by-product of the crosslinking reaction are water 
soluble, they can be easily removed by dialysis or gel filtration84"86. 
However, l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydrochloride is 
labile in the presence of water, which should be considered when 
establishing storage conditions and preparing stock solutions.

After activation with l-ethyl-3-(3-dimethylaminopropyl)carbodiimide 
hydrochloride and formation of the intermediate ester, the ester is directly 
reacted with the amino groups of the functionalized colloidal particles. The 
addition of N-hydroxysuccinimide leads to the formation of another 
intermediate, the N-hydroxysuccinimide ester. The N-hydroxysuccinimide 
ester is a more stable intermediate in aqueous solution than the one 
formed with l-ethyl-3-(3-dimethylaminopropyl)carbodiimide hydro­
chloride, thus increasing the reaction yield of the second ester. Formation 
of the secondary N-hydroxysuccinimide ester is also advantageous 
because excess l-ethyl-3-(3-dimethylaminopropyl)carbodiimide can be 
removed from the particles before adding protein, thus preventing 
carbodiimide-mediated protein polymerization due to the presence of both 
amines and carboxylates on the proteins84' 87,88.

Side reactions can occur when EDC is used with proteins. l-Ethyl-3-(3- 
dimethylaminopropyl)carbodiimide itself may form a stable complex with 
exposed sulfhydryl groups89. Tyrosine residues react with l-ethyl-3-(3- 
dimethylaminopropyl)carbodiimide through the ionized phenolate form of 
its side chain90. l-Ethyl-3-(3-dimethylaminopropyl)carbodiimide can also 
cause unwanted polymerization via amide bond formation due to the 
presence of both amines and carboxylates on protein molecules84.
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5 Protein adsorption

ABSTRACT: Chapter 5 describes the factors that influence protein 
adsorption on colloidal particles. The corresponding forces are discussed in 
Chapter 2. This chapter focuses on protein, colloidal particles, and media 
properties that govern the interactions and processes on the particle 
surface, such as conformational changes in proteins and exchange 
processes between proteins. Thermodynamic considerations for protein 
adsorption are also introduced. Typical models for protein adsorption 
isotherms and kinetics, such as the Langmuir model, are presented.

5.1 Influences on protein-particle interactions

Different Parameters and their interpiay influence the interactions 
between colloidal particles and proteins. Chapter 2 described how 
electrostatic, hydrophobic, van der Waals, and hydrogen-bonding 
interaction forces influence proteins and particles in an aqueous solution27,
29, 91

Figure 5.1 Properties of proteins, the surrounding media, and colloidal particles that govern 
protein adsorption. The data present a summarized overview from the references9,22,24,25,27,

Properties o f the proteins:
- surface Charge and its 
distribution

- size
- amino acid composition
- structure and 
conformation

- diffusion rate in medium
- concentration
- hydrophobicity/ 
hydrophil icity

- 'hard' or 'soft' protein

Properties of the particles:
- type of particles
- surface Charge 
-size
- morphology
- curvature
- solubility of the material
- concentration
- hydrophobicity/ hydrophilicity
- amount of already adsorbed 
proteins

- surface functionalization
- surface free energy

Properties of the medium: 
-pH
- temperature
- ionic strength
- concentration of proteins

29, 35, 91-93
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Surface Chemistry, hydrophobicity/ hydrophilicity of proteins and particles, 
surface Charge, protein structure and the properties of the media affect 
these forces and are therefore the key factors for protein-particle 
adsorption as summarized in Figure 5.19' 22' 24' 27' 2 9 , 3 5 , 9 1 , 92_

Figure 5.2 provides an overview of the processes on the particle surface 
that critically influence protein-particle interactions. The orientation of the 
protein on the particle surface is essentially a determining factor. Non­
globular, asymmetric proteins may adsorb via their short end ('end-on') or 
via their long side ('side-on') on the particle surface29' 94. Some proteins 
bind only via a specific amino acid segment that is referred to as a binding 
epitope92. Because the protein orientation specifies the area that the 
protein occupies on the particle surface, it determines the density of the 
protein monolayer, bilayer or multilayer. Depending on orientation and 
shape, adsorbed proteins in the first layer may sterically hinder the 
adsorption of additional proteins. Proteins may also undergo 
conformational changes due to their interactions with the particle surface. 
These changes can have a strong effect on protein function, with positive 
or negative changes in enzymatic activity13' 22, 95, 96. Furthermore, lateral 
interactions between neighboring adsorbed proteins can have stabilizing 
or destabilizing effects on the adsorbed protein layer and can modify 
protein function29, and adsorption can be reversible. Desorption can be 
initiated by changes in the media conditions or additional proteins with a 
higher affinity for the particle surface that replace the first protein. The 
time-dependent exchange of proteins on particle surfaces is referred to as 
the 'Vroman effect'25, 93: proteins with greater mobility adsorb on the 
surface more rapidly but over time will be replaced by proteins with lower 
mobility but higher affinity for the surface25' 93. Numerous influencing 
factors and reactions on the particle surface lead to a complex interplay 
whose correlative processes are incompletely understood24,97.
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Figure 5.2 Processes on the particle surface that influence protein-particle interactions. The 
data are summarized from the references9,22,24,26,27■29,36,91"93.

5.2 Thermodynamic approach

Protein-particle adsorption occurs spontaneously, if the Gibbs energy 6  of 
the system decreases during adsorption28:

Aods G = (Aads H -  TAads S) < 0 (5.1)

Here, H is enthalpy, S  is entropy, T is the temperature of the system, and 
Aads represents the Variation resulting from the protein adsorption process 
at a constant pressure and temperature28. To determine the energy for 
the overall protein adsorption, the energy terms of all sub-processes 
contributing to overall protein-particle adsorption must be calculated28,32, 
98. These sub-processes include the contributions of electrostatic 
interactions (subscript el), conformational changes in the protein caused 
by adsorption (subscript conf) and hydrophobic interactions (subscript 
phobic). Additional factors influencing the energetic and entropic
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processes directing protein adsorption are described in the references28,43,
99, 100

âdŝ  (.̂ adsG~)el Ĉ ads ĉtmf (.̂ ads ̂ phobic "i~ ■■■ (5-2)

5.3 Protein adsorption models

Different adsorption models have been proposed to illustrate and predict 
the time and concentration dependence of protein adsorption on the 
particle surface. The adsorption of a protein on a colloidal particle to form 
a protein-particle complex is analogous to a chemical reaction98,101. The 
rate constants for adsorption, kadS, and desorption, kdes, which are 
illustrated in Figure 5.1, can be calculated as follows98,101:

[protein] [colloidal particle] kdes ^

[protein — particle complex] kais

The subsequent subchapters will introduce the conventional models that 
describe the kinetics of protein adsorption and adsorption rates.

5.3.1 The Langmuir adsorption model

In 1918, Langmuir introduced an adsorption model to describe the 
adsorption of gases102. This model has since been widely used to describe 
protein adsorption processes because of its simple mathematical 
solution102.
The Langmuir adsorption model is based on the following assumptions42,
47, 48, 101, 103

• Adsorption is reversible.
• The adsorbent surface has a certain number of identical binding 

sites Sb- Free adsorption sites So can be calculated as Sb - Sads,
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where S a (js  is the number of adsorption sites that are already 
occupied with proteins or the concentration of the adsorbed 
proteins.

• Adsorption is assumed to lead only to a monolayer of proteins and 
assumes that all Sb can be occupied. Multilayer formation is not 
considered.

• Adsorbed proteins do not influence the protein adsorption of other 
proteins.

• Lateral interactions between the adsorbed molecules are excluded.

Based on these assumptions, the adsorption and desorption rates can be 
calculated as follows, where c is the protein concentration in solution42:

^ d e s ^ a d s  k a d s ^ S 0 ^ a d s ^  $ a d s) (5.4)

Considering Sads/Se as the coverage 9 of the surface with proteins and 
using the Langmuir constant KL = kads/kdes and equations (5.3) and (5.4), 
the Langmuir equation is defined as follows102:

e = KLC

1 + Klc
(5.5)

This formula requires the equilibrium conditions. The rate at which the 
adsorption equilibrium is reached is given by the following102:

de
k-adsSßQlads âds (5.6)

Considering protein adsorption as a chemical equilibrium reaction with 
equilibrium constant K, the Standard Gibbs energy of adsorption AadSG° 
can be calculated using the Langmuir adsorption model42:
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A adsG0= - RTln1 (5.7)

K is the reciprocal of the Langmuir constant KL42. Calculation of the Gibbs 
energy for protein adsorption from the Langmuir constant must be 
performed with some reservation, as many assumptions are made in the 
model that do not completely apply to protein adsorption. Protein 
adsorption is often irreversible, and bilayers or multilayers can be formed9,
28, 35, 91

5.3.2 Other adsorption models

To resolve the limitations of the Langmuir model, more complex 
adsorption models have been introduced. One of the most populär is the 
'random sequential adsorption' (RSA) model104. This model assumes that 
proteins adsorb irreversibly and sequentially at random positions on a 
surface and do not overlap with already adsorbed proteins; thus, the 
adsorption density on the surface can maximally reach 54.7%104. Other 
alternative models, such as the 'surface clusters' and the 'spreading 
particle' models, consider factors such as the diffusion of proteins on 
adsorbents and conformational and orientation changes. A detailed 
overview of current kinetic adsorption models can be found in the 
references43' 48' 91' 10°.

5.4 Methods for studying protein-particle adsorption

The methods for analyzing protein adsorption on colloidal particles are 
usually divided into two groups. The first group consists of methods to 
study the free proteins that remain in the supernatant after the incubation 
of proteins and particles. These methods enable the indirect measurement 
of adsorbed proteins using conventional analysis methods. The particles 
with the adsorbed proteins must be separated from free proteins before 
such measurements, such as by centrifugation. The free proteins are then 
analyzed by UV spectroscopy, mass spectroscopy, or sodium dodecyl- 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)24,34,36,105,106.
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The second group comprises methods that directly analyze the adsorbed 
proteins on the particle surface or the changes in surface properties 
caused by protein adsorption. Atomic force microscopy (AFM) can be used 
to determine the morphology before and after protein adsorption. The 
surface charges and Charge distribution on particles can also be 
analyzed107"110. Surface plasmon resonance (SPR) can be used to 
investigate protein adsorption kinetics and adsorption and desorption from 
particle surfaces21, l l l f  112. Electroacoustic spectroscopy can be applied to 
analyze the changes in zeta potential and possible IEP shifts after protein 
adsorption32' 33, 113. Further studies can be performed via isothermal 
titration calorimetry (ITC), which allows the measurement of the affinity 
and enthalpy of protein binding20, 31, 114. Circular dichroism studies of 
proteins before and after adsorption can also be performed to detect 
possible structural changes due to the adsorption process36, 106, 115. 
Additional analysis methods include the detection of fluorescent or 
radioactive signals of proteins that are labeled with fluorescent markers or 
radioactive isotopes30, 37, 38, 10°. However, a disadvantage of labeling is that 
it may influence and change the properties of the protein.

The limiting factor of the techniques in the second group compared with 
the first group is that the particles can interfere with the analysis method. 
All possible effects must be considered. The introduced techniques provide 
a brief overview of convenient methods for the characterization of protein 
adsorption on a particle surface but are not comprehensive. The main 
techniques that were applied for this work are described in detail in 
Chapter 7. For further information on methods for studying protein- 
particle adsorption, the reader is referred to the references9,10,22"24,116.
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6 Enzymatic activity

ABSTRACT: Chapter 6 provides a detailed introduction to Michaelis-Menten 
kinetics to provide a foundation for an explicit explanation of the 
correlation between the Michaelis-Menten constant KM and substrate 
efficiency. A central assay for the analysis of the enzymatic activity of a- 
chymotrypsin is introduced, and an overview of the general frameworks of 
the most convenient methods is presented. Furthermore, the preliminary 
analyses that must be performed to establish each assay are presented in 
detail. Convenient linearization plots to determine Km and Vmax are also 
introduced.

6.1 Michaelis-Menten kinetics

A simple enzyme-catalyzed reaction with one substrate is analogous to a 
second-order reaction. This reaction can be written as follows66' 72,117:

k, ks
E + s *" E S ------► E + P (6.1)

As the concentration of the substrate increases, the rate of reaction also 
increases. The velocity decreases during the ongoing reaction because the 
concentration of the substrate decreases or product begins to accumulate. 
The velocity will reach equilibrium, assuming that the reaction is 
reversible66,72,117.
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Figure 6.1 Initial velocity v0 plotted versus substrate concentration for an enzyme-catalyzed 
reaction.

The curve shown in Figure 6.1 can be obtained by calculating the initial 
velocity of the reaction vo at different substrate concentrations. Due to the 
high concentration of substrate, the velocity becomes zero order. The 
enzyme and substrate form a complex, and the rate of product formation 
is proportional to the concentration of the complex. Thus, the velocity no 
longer increases with increasing [S]. The rate of formation of product is 
given by the following66, 72, 117:

dP/dt = k3[ES] (6.2)

To derive the Michaelis-Menten equation, it is necessary to determine the 
concentration of ES. The rate of formation of ES is given by ki [Efree] [S], 
where [Efree] is the concentration of free enzyme. Two reactions are 
important in this case: ES returning to the starting material, given by 
k2 [ES], and ES going to products, [ES]. The combination of these 
terms leads to the following equation66' 72' 117:

= fei [Efree ] M  -  k2 [ES] -  fc3 [ES] (6.3)

The concentration of ES is assumed to be constant except for the first few 
milliseconds after contact between the substrate and enzyme, thus giving
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d[ES]/dt = 0. This is referred to as the "steady-state assumption", which 
can be proven mathematically. Substitution of [Efree] with [Etotai] - [ES], 
where [Etotai] is the total enzyme concentration, leads to the following66,72,
117.

k i ( [ E total ]  -  [E S ]) [S ] =  ( k 2 +  k 3) [E S ]  (6.4)

After rearranging, we obtain66,72,117

Multiplying the above equation by because the rate v of the reaction is 
k3 [ES] leads to66' 72' 117

_  ^ 3 ^ 1  \-Etotal 1 11̂ ]

V “  ((fc2 + fc3) + *1 [5])

To convert this equation to the usual format of the Michaelis-Menten 
equation, the denominator and numerator must be divided by /fj66, 72, 117.

=  ^3 total ] [ 5 ]  K n a x { 6 7 )

17 ii+ i»  + [5] Km +  [5]ki

Vmax is the maximum velocity of the reaction (see Figure 6.1) when the 
entire enzyme is in the ES form, and therefore /o is kcat (see also equation 
(6.8)). The units of Vmax are moles of product per unit time, k t̂ has units 
of time"1 and is referred to as the turnover number of the enzyme. The 
turnover number indicates the number of molecules of substrate 
converted to product per unit time per molecule of enzyme. The larger the 
value of kcat for an enzyme, the faster the reaction65"68' 71.

The constants in the denominator of equation (6.7) comprise the 
Michaelis-Menten constant KM. KM is not a simple dissociation constant. If
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k3 is very small compared to fe, the resulting ratio is krfki, which is the 
dissociation constant Kd. The value of Km indicates how well a substrate 
interacts with an enzyme. A smaller value of KM indicates a tighter 
interaction between the substrate and enzyme. Furthermore, KM is the 
concentration of substrate at which the velocity of the reaction v is one- 
half the maximum velocity Vmax. When v is equal to 0.5 Vmax, one-half of 
the total enzyme is in complex with the substrate and one-half is free. 
When [S ]» K m, 100% of the enzyme is in the ES complex, and the 
reaction reaches In practice, one usually assumes that Vmax is
approached when [S] is greater than 10 times Km66'68, 71.

The equation (6.7) has the form of a general hyperbolic equation. When 
the value of [S] is much larger than the value of KM, the value of the 
denominator approaches the value of [S], and the equation is 
approximated by66

[5] =  K a t  [E ] (6 .8)

The velocity becomes independent of the concentration of S, and the 
reaction becomes zero order with respect to S. When [S] is very small 
compared to Km, equation (6.7) can be written as66

k Cat [Etotal ]  [ S ]  Vmax ß ]  mv =  ------ - --------= — ----- (6.9)Am Aw

When [S ]« K m, a plot of v versus [S] is linear. The term kcat/KM can be 
considered a second-order rate constant because there are two 
concentration terms in the rate equation, [ E totai] and [S]. In general, a 
rate constant cannot be faster than the rate at which two molecules 
diffuse in solution. The rate constant for a second-order diffusion reaction 
is approximately 109 mole"1 s"1. Thus, if ka,t is very large, KM cannot be 
very small or it would exceed the diffusion rate. At a fixed concentration of 
substrate, the overall velocity is faster when Km is high. Such conditions
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force kcat to be larger to satisfy the kcat/KM ratio. To evaluate different 
substrates for an enzyme, the substrates with the highest kcat/KM values 
and not those with the lowest KM should be considered the better 
substrates for the enzyme 66.

6.2 Determination of KM and Vmax from linearization 
plots

Km can be approximated from plots of v versus substrate concentration 
[S]. One of the most common graphical presentations is the Lineweaver- 
Burk plot, which is based on the reciprocal of the Michaelis-Menten 
equation (6.7)66,117.

i  = _ L  , J_  (6-1°)
^ V m ax vm ax ' [5]

A plot of 1/v versus 1/[S] is a straight line with slope Km/Vmax. The 
intercept on the x-axis is -1 /KM, and the intercept on the y-axis is
h /w  66, 117 
■L / v m a x

Hanes and Eadie-Hofstee plots are also often used to determine KM and 
Vmax117. Table 6.1 provides an overview of linearization plots. All plots 
exhibit a manipulated error distribution due to linearization and provide 
only an approximation of the kinetic constants117.
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Table 6.1 Linearization plots for the determination of K„ and vmax (adapted from the 
references66' 117)

Plot

Graphical
presentation Intercept on the

Slope

x-axis y-axis x-axis y-axis

Lineweaver-
Burk 1/ [ S ] l l v -1/Km 1/ V max KM/Vmax

Hanes [ S ] [S]/v -Km KM/Vmax 1/Vmax

Eadie-
Hofstee v / [ S ] V Vmax/Km Vmax -Km

6.3 Activity assays: principles

External conditions such as pH, temperature, and salt concentration affect 
enzyme activity and should be considered when developing enzymatic 
assays66, 117. Plots of velocity versus temperature for most mammalian 
enzymes yield a bell-shaped curve with an optimum between 40 °C and 
45 °C. Heat denaturation of the enzyme occurs above this temperature. 
Many enzymes exhibit a two-fold increase in activity for every 10 °C 
increase in temperature between 0 °C and 40 °C66.

Plots of velocity versus pH also yield bell-shaped curves for most 
enzymes. Nevertheless, the pH optimum varies greatly for different 
enzymes. The shape of the curve and the Position of the maximum on the 
x-axis are dependent on the ionized state of the substrate, which is in turn 
dependent on the ionization of specific amino acid residues that constitute 
the active site. Amino acid residues that are involved in catalyzing the 
reaction must be in the appropriate Charge state to be functional66.
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Studies of the kinetics of enzymes before and after immobilization on 
colloidal particles require a highly reproducible enzyme assay. A good 
assay is based on temperature and pH control, as well as control of the 
concentrations of substrates and other relevant factors such as co- 
substrates, cofactors, and inhibitors117. Thus, the KMl enzyme 
concentration dependence and substrate concentration dependence of the 
selected enzyme must be determined. Usually, assays must be performed 
under Vmax conditions. It is essential to measure the concentration of a 
product formed or the substrate remaining as a function of time. For 
Products or substrates that absorb light, the change in light absorption 
can be detected as a function of time. More details regarding specific 
enzymatic assays can be found in the literature66"69,71,72,117.
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7 Experimental methods and principles

ABSTRACT: Chapter 7 presents the fundamentals of key measurement 
techniques used in this thesis. Additional details can be found in the 
methods sections ofChapters 8-11.

7.1 Electroacoustic spectroscopy: zeta potential

The zeta Potentials of particles before and after protein adsorption can be 
measured via electroacoustic spectroscopy using a DT1200 (Dispersion 
Technology Inc., USA). In this method, a zeta potential probe emits an 
acoustic wave at a frequency between 2 and 10 MHz into a stirred particle 
suspension. The acoustic wave induces motion of the particles relative to 
the medium if the density of the particles is different than the density of 
the medium118. This particle motion leads to a rearrangement of the 
double layer around the particle and causes a dipole moment and an 
electric field as shown in Figure 7.1. An electric current called the colloidal 
Vibration current (CVI) is generated via the interference of the electric 
fields for all particles in the suspension. The CVI can be measured by a 
receiving transducer in the zeta potential probe63,119,12°. The relationship 
between the CVI and the dynamic electrophoretic mobility of the particles 
Pd was described by O'Brien121:

CVI = A ( a ) )F (Z T Zs )<p— — — fiD (7.1)
Pm.

A(co) is an acoustic wave frequency that is dependent on the constants of 
the device determined by calibration. F (Z t ,  Z s ) is a function of the acoustic 
impedances of the transducer (Zr) and the suspension (Z s ) ,  q> is the 
particle volume fraction, and pm and pp are the densities of the medium 
and the particles, respectively121. The zeta potential can also be calculated 
using an equation for electrophoretic mobility based on the Smoluchowski 
equation121:
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(7.2)

H is the viscosity, £o is the permittivity of free space, £r is the relative 
permittivity of the medium, and Z, is the zeta potential. M is a function of 
the frequency of the acoustic wave co, the particle radius r and the 
kinematic viscosity given by v = q/pm■ f is  a function of A and Ä can be 
calculated using the equation X = Ks/iK^r), where Ks is the surface 
conductivity of the double layer, K°° is the electrical conductivity of the 
medium, and co' = ^ r-  However, O'Brien's theory is not universal and is 
only valid for dilute suspensions of less than 2 vol%118, 121. Duhkin and 
Oshima established extensions of this theory for higher-concentration 
suspensions up to 60 vol%63, 121, 122. Thus, the zeta potential can be 
obtained from the CVI if the particle size, particle concentration, and 
density of the medium are known. Beneficially, molecules such as free 
proteins in an aqueous medium or other dissolved chemical compounds do 
not interfere with the zeta potential measurement of the particles or 
protein-particle complexes when their density does not differ significantly 
from that of the medium. Because most devices have an integrated 
titration unit, the zeta potential can be automatically measured as a 
function of pH. These measurements can be used to calculate the IEP (see 
also Chapter 2.2.2).

Zeta potential sensor

Figure 7.1 Schematic structure of a zeta potential measurement. The particle’s electric 
double layer is polarized by an acoustic wave, resulting in an electric field and CVI. The 
surface current I5 reduces the number of positive ions near the right particle pole. By
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contrast, the double layer receives extra ions near the left pole. Thus, the equilibrium of the 
double layer shifts. The induced dipole moment affects ions in the bulk medium and induces 
an electric current l n. In compensates for l s (adapted from the references63,11B).

7.2 Gas adsorption isotherms: specific surface area 
SSAbet/ hydrophobicity/ hydrophilicity

Volumetrie measurements of gas adsorption isotherms were performed 
using a BELSORP-mini device and a BELSORP 18-3 device (both from Bel 
Inc., Japan). Nitrogen adsorption isotherms were used to assess the 
specific surface area (S S A b et) of the particles. Water vapor and n-heptane 
adsorption isotherms were used to determine the hydrophilic/ hydrophobic 
properties of the particle surface. The same general principle underlies 
both measurements and will be explained below.

To measure the adsorption isotherm, the gas is gradually transported to 
the sample cell with the particles. Accordingly, the gas pressure p is 
increased from ~10'3 kPa to the Saturation vapor pressure po at a given 
temperature. This temperature is 77 K for nitrogen adsorption and 297 K 
for water and n-heptane adsorption. At each addition step, the adsorbed 
amount is assessed as the difference between the gas added to the 
sample cell and the amount of non-adsorbed gas. The pressure of the 
added gas is gradually decreased to determine the desorption isotherm. 
The shapes of the adsorption and desorption isotherms and the amounts 
of adsorbed gases provide information regarding the porosity of the 
particles and the affinity of the gas for the particle surface42' 48, 123. A 
comparison of the adsorption data for polar water molecules with the 
adsorption of non-polar n-heptane is essential for the assessment of the 
hydrophilic/ hydrophobic properties of the particles124.

To calculate the SSAbet of the particles, the volume of nitrogen molecules 
required to build a monolayer on the particle surface (l/m) is obtained by 
fitting the adsorption isotherm with the BET adsorption model. The BET 
adsorption model was developed by Brunauer, Emmet, and Teller in 1938 
and is an extension of the Langmuir model introduced in Chapter 5.3.1125. 
The specific surface area SSAbet is then given as follows:42,48,123
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SSAret —
VmNap

M
(7.3)

N is Avogadro's number, a is the cross-sectional area of a nitrogen 
molecule, which is approximately 0.162 nm2, p is the density, and M is the 
molecular weight of the nitrogen molecules.

7.3 UV-Vis spectroscopy: protein quantification

Ultraviolet-visible (UV-Vis) spectroscopy is used for both protein 
quantification via a Pierce™ bicinchoninic acid protein assay126 (BCA 
assay) and activity assays using p-NPA as a Chymotrypsin substrate39, 41, 
127. Activity assays for free and adsorbed a-chymotrypsin are described in 
Chapter 7.4. Thus, the general basis for UV-Vis measurements will be 
explained using the BCA assay as an example. After the incubation of a 
particle suspension with enzyme, the particles and the free enzymes were 
separated by centrifugation. The resulting supernatant was particle-free 
and contained only free enzymes.

Protein concentrations in the supernatants and in reference protein 
solutions incubated without colloidal particles were measured with the BCA 
assay according to the manufacturer's instructions (Thermo Fisher 
Scientific GmbH, Germany). Briefly, 25 pL of each supernatant was mixed 
with 200 pL of the working solution (freshly prepared by mixing two 
solutions in the kit) in a well of a 96-well microtiter plate (Nunc™, 
Denmark). The plate was thoroughly mixed on a horizontal plate shaker 
for 30 seconds, covered, incubated at 37 °C for 30 minutes, and cooled to 
room temperature. The absorbance was measured at 562 nm using a 
photometer plate reader (Chameleon II, Hidex, Finland and Sunrise, 
Tecan, Austria). This assay combines the well-known reduction of Cu2+ to 
Cu+ by a protein in an alkaline medium (the so-called biuret reaction)128 
with the highly sensitive and selective colorimetric detection of the 
cuprous cation Cu+ using a reagent containing BCA126, 129. The purple- 
colored reaction product of this assay is formed by the chelation of one 
cuprous ion by two molecules of BCA. This water-soluble complex features 
a strong absorbance at 562 nm that is nearly linear with increasing 
protein concentration over a broad working ränge of 20-2000 pg mL"1. The
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working ränge can be further enhanced to 5-250 pg mL"1 by increasing the 
incubation temperature to 60 °C129.

Quantification is generally based on the correlation of the amount of 
absorbed light with the protein concentration in the sample. Light with a 
wavelength of 562 nm and an intensity Io is passed across the protein 
sample in a microtiter plate or in a cuvette with a thickness d given in cm. 
The Lambert-Beer law describes the relationship between the absorption, 
the intensity of the transmitted light I, and the protein concentration c 
(given in units of mol L'1) 66' 71' 130:

A = loglü(I0/I) = ecd (7.4)

Here, e is the extinction coefficient given in units of L mol'1 cm '1. The 
extinction coefficient is a matter constant and depends on the wavelength 
of the light and on the medium conditions117. Figure 7.2 presents a 
measured Standard curve for Chymotrypsin using the BCA assay. For all 
experiments, protein quantification was performed in the linear ränge of 
the Standard curve. This approach enables the highest sensitivity and 
precision.

Chymotrypsin concentration (pg mL'1)

Figure 7.2 Absorbance of visible light at 562 nm by a-chymotrypsin samples as a function of 
enzyme concentration.
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7.4 Activity assessment of free and adsorbed a- 
chymotrypsin

The enzymatic activity of free Chymotrypsin in supernatants was 
determined as described in the references40,131,132 and depicted in Figure 
7.3a. Briefly, 20 |j L of each supernatant was mixed with 140 jjL of 
100 mM potassium phosphate buffer at pH 8.5 in a 96-well microtiter 
plate (Nunc™, Denmark). A 160-|jL aliquot of 0.2 mM p-NPA was added, 
and the increase in absorbance due to the formation of p-nitrophenolate 
(p-NP) ions was measured at 405 nm using a microtiter plate reader 
(Sunrise, Tecan, Austria). The non-enzymatically catalyzed hydrolysis of 
p-NPA133, referred to as spontaneous hydrolysis, was determined by 
mixing 20 |jL of ddH20  with 140 |jL of 100 mM potassium phosphate 
buffer for use as a blank measurement.
One of the key challenges for the analysis of the enzymatic activity of 
adsorbed enzymes is that assays based on UV/Vis spectrometry are not 
directly applicable due to the light scattering caused by colloidal particles. 
Therefore, a detailed optimization of the photometric assay based on p- 
NPA as a Chymotrypsin substrate was performed as part of this thesis. The 
optimization included proof of reliable stability of enzyme adsorption, 
adjustment of the amount of enzyme adsorbed on the colloidal particles, 
selection of suitable experimental conditions such as pH and ionic strength 
during physisorption, concentration of the enzyme substrate, and 
adequate incubation times. Adjustments of all of these Parameters were 
required to obtain sufficient extinction signals in a linear measurement 
ränge.

Consequently, the enzymatic activity of adsorbed Chymotrypsin was 
determined using the enzymatic assay presented in Figure 7.3b. In detail, 
after a specified incubation time, the colloidal particles were briefly rinsed 
and mixed with 280 |j L of 100 mM potassium phosphate buffer at pH 8.5 
in 1.5-mL polypropylene tubes. Then, 320 |j L of p-NPA at concentrations 
ranging from 0.01 to 0.4 mM was added. After a specified incubation time, 
e.g., 20, 30 or 40 min, the samples were centrifuged, and the 
supernatants were collected. A 320- jjL aliquot of the supernatant was 
used to measure the increase in absorbance due to the formation of p-NP 
at 405 nm at each of the three time points. The selected time points can 
vary and were adjusted based on the dependence of the extinction signals 
on the amount of adsorbed enzymes and their activity as well as the
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selected substrate concentration (see also the experimental sections in 
Chapters 8 and 9).

Classic activity assay with free Chymotrypsin:

free
Chymotrypsin

potassium phosphate 

buffer at pH 8.5

substrate solution: 

p-NPA

immediately

Continuous 

absorbance 

measurement at 

405 nm

time (m in)

Adapted activity assay with adsorbed Chymotrypsin:

incubatio n :

C h ym o tryp s in  

a d so rb e d  on 

co llo idal particles

potassium phosphate 

buffer at pH 8.5

substrate solution: 

p-NPA

time t, after centrifugation:

^  end point absorbance
time t2

measurement at 405 nm 

time t3 ^  using supernatant

time (m in)

Figure 7.3 Schematic view of the experimental set-up for a classic activity assay with free 
Chymotrypsin (a) and an adapted activity assay with Chymotrypsin adsorbed on colloidal 
particles (b) (adapted with permission from Figure 8.2 from a reference134).

The main requirements were that the measurements must be performed 
in linear mode and the absorbance must be less than 1. The spontaneous 
hydrolysis of p-NPA was measured using a colloidal suspension that was 
not incubated with Chymotrypsin according to a reference133. Using the 
extinction data for all three measured time points, a straight line was 
formed. Sim ilar to the enzymatic assay for free Chymotrypsin, the slope of 
the line was AE min"1. Further calculations were based on the Lambert- 
Beer law and are explained in Chapter 7.3. Furthermore, the specific 
enzymatic activity of Chymotrypsin was determined as a function of the 
Chymotrypsin concentration as follows:
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, , Absolute activity in nmol p — NPA min 1ml 1 _x
Specific activity innmolp — NPA min mg = ---------------------------------- :— :---------- -----------  ( f .  O)Enzyme concentration in mg ml-1

7.5 Matrix-assisted laser desorption ionization time- 
of-flight mass spectroscopy

Mass spectrometry (MS) is an analytical method that is used to determine 
the composition of chemical substances by measuring accurate molecular 
masses. The basic process in an MS analysis is as follows. The molecules 
of interest are vaporized and ionized, and the mass-to-charge (m/z) ratios 
of the molecular ions are determined. Based on the gas-phase ions, which 
are broken down into characteristic fragments, the measurement of the 
masses of the fragments provides Information regarding the molecular 
structure of the original ion. The ability to vaporize and ionize larger 
biopolymers such as proteins was once a limiting factor in this technique. 
Breakthrough studies in soft ionization methods, acknowledged by the 
Nobel Prize to Koichi Tanaka and John B. Fenn in 2002, greatly advanced 
the application of MS to protein analysis135. MS has developed into a 
highly sensitive and accurate method for the rapid qualitative and semi­
quantitative characterization of peptides and proteins and can even be 
used in biological fluids135. The matrix-assisted laser desorption ionization 
(MALDI) MS technique is now widely applied for the mass spectrometric 
analysis of large, nonvolatile molecules, particularly peptides, proteins, 
oligonucleotides, oligosaccharides, fullerenes, dendrimers, and synthetic 
polymers of high molecular weight136.

MS analysis consists of two basic steps: i) the vaporization and ionization 
of substances of interest from a sample, followed by ii) determination of 
the masses of the resulting ions. MALDI is one of the most effective soft 
ionization methods for proteins. The ionization of biomolecules by MALDI 
results in limited fragmentation, and thus larger molecules can be 
analyzed. In MALDI, a liquid or solid biological substance is usually co- 
crystallized with a large excess of UV-absorbing matrix. The illumination of 
the matrix-analyte crystals by a UV laser leads to a microexplosion that 
results in primarily singly charged gaseous analyte ions135. In this work, 
the MALDI ionization approach was combined with a time-of-flight (ToF) 
mass analyzer. In ToF analyzers, the ions are formed in the ionization
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source and accelerated by an applied potential such that all ions have the 
same kinetic energy before entering the field-free region of the mass 
analyzer. Hence, ions move at different velocities depending on the kinetic 
energy of the ion. The flight time of each ion in the field-free region is 
transformed to an m/z value. Thus, the ToF instrument is a mass analyzer 
with the ability to measure ions over a wide mass ränge135. For more 
detailed Information about MALDI-ToF-MS, please refer to the Methods 
section in Chapter 11 and to the extended supplementing literature135, 136.

7.6 Circular dichroism spectroscopy: changes in 
protein structure

Circular dichroism (CD) spectroscopy is a form of adsorption spectroscopy 
in the UV/ Vis ränge and is used to measure the differential adsorption of 
right- and left-handed circularly polarized light by an optically active 
molecule such as a peptide or protein. Aromatic amino acids in a protein 
and a polypeptide chain cause an optical rotation and generate a CD 
spectrum across a ränge of wavelengths. Because the spectra of a-helical, 
ß-sheet, and random structures differ, CD spectroscopy provides a 
sensitive method to determine the type and amount of secondary 
structure66,115,117. Figure 7.4 presents typical CD spectra for polypeptide 
chains with different conformations.

Wavelength (nm)

Figure 7.4 CD spectra for polypeptide chains in a-helical, ß-sheet, and random conformations 
(adapted from a reference66).
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The ellipticity 0  indicates the extent to which linear polarized light is 
transformed into elliptically polarized light by an optically active sample. 
The ellipticity 0  can be converted to the specific ellipticity [ip]117:

M  = 100 c l
(7.6)

Here, c is the concentration of the optically active substance in g mL"1 and 
I is the path length in cm. The ellipticity 0  should be given in mdeg. It is 
customary to present CD results as molar ellipticity [0], which can be 
calculated as follows117:

[0]
0

10 c l
(7.7)

In this equation, c is also the concentration of the optically active 
substance but is given in mol L"1. It is convenient for proteins to present 
the results as mean molar ellipticity, which is normalized to the mean 
residue weight (MRW)117:

IYV1 _  M MRW® q \
[° W  -  - ^ T  (7'8)

The analysis of secondary structure often requires a database of proteins 
with known secondary structures. For more detailed Information about 
analyses using complex algorithms, please refer to the extended 
supplementing literature115, 117, 137. Table 7.1 presents data for the 
secondary structures of selected proteins.
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Table 7.1 Secondary structure elements for selected proteins given as %. Data are taken 
from a reference117.

Protein a-helix
ß-sheet

antiparallel
ß-sheet
parallel

turn rest

a-Chymotrypsin 10 34 0 20 36

Trypsin 8 32 0 30 30

Lysozyme 36 9 0 32 23

Hemoglobin 75 0 0 14 11

7.7 Visual molecular dynamics: modeling of proteins

Visual Molecular Dynamics (VMD, Version 1.8.7 and 1.9.1) is protein 
visualization Software and not an actual measurement method70. An 
example is presented in Figure 3.2. Protein size, secondary structure, the 
distribution of hydrophilic/ hydrophobic amino acids, and surface potential 
distribution are modeled from protein structure files, which are available 
from the PDB database at http://www.pdb.org/. The atomic Coordinates of 
all atoms in the proteins given in the structure files are usually assessed 
by X-ray diffraction or NMR analysis. Based on this Information, the 
protein's secondary structure and amino acid composition can be 
illustrated and analyzed in VMD. The surface potential in VMD can be 
displayed as an isosurface, which is a surface with a constant potential 
value at the distance from the protein surface at which this potential 
occurs. The potential distribution can also be shown on the water- 
accessible protein surface. To determine the surface potential distribution 
and its dependence on pH and ionic strength, numerical solutions of the 
Poisson-Boltzmann equation can be calculated (see Chapter 2). The 
Adaptive Poisson-Boltzmann Solver (APBS) plug-in of VMD finds the 
solution for the non-linearized Poisson-Boltzmann equation138, and the 
program PDB2PQR allows the addition of protonation states and atomic
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charges to the protein structure files as a function of pH139. Further details 
can be found in the method sections of Chapters 8-11.

8 Physisorption of enzymatically active 
Chymotrypsin on titania colloidal particles

ABSTRACT: In this study we use a straightforward experimental method 
to probe the presence and activity of the proteolytic enzyme 
a-chymotrypsin adsorbed on T1O2 colloidal particles. We show that the 
adsorption of a-chymotrypsin on the particles is irreversible and pH- 
dependent. At pH 8 the amount of adsorbed Chymotrypsin is threefold 
higher compared to the adsorption at pH 5. However, we observe that the 
adsorption is accompanied by a substantial loss of enzymatic activity, and 
only approximately 6-9 % of the initial enzyme activity is retained. A 
Michaelis-Menten kinetics analysis of both unbound and Ti02-bound 
Chymotrypsin shows that the KM value is increased from ~10 pM for free 
Chymotrypsin to ~40 pM for the particle bound enzyme. Such activity 
decrease could be related by the hindered accessibility of substrate to the 
active site of adsorbed Chymotrypsin, or by adsorption-induced structural 
changes. Our simple experimental method does not require any complex 
technical equipment, can be applied to a broad ränge of hydrolytic 
enzymes and to various types of colloidal materials. Our approach allows 
an easy, fast and reliable determination of particle surface-bound enzyme 
activity and has high potential for development of future enzyme-based 
biotechnological and industrial processes.

8.1 Introduction

Immobilization of enzymes onto water-insoluble carriers is of increasing 
importance for a wide ränge of applications including bioanalysis, 
biosensoring, biotechnology, medical therapy, diagnostic, pharmaceutics 
and proteomics6'8' 140. Enzyme immobilization offers several advantages 
including more convenient handling of the enzyme, facile Separation from 
the enzymatic products, efficient recovery and reuse of costly enzymes. In 
the past decades, different immobilization approaches have been designed 
to limit activity loss, decrease the response rate to selected substrates or
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avoid possible irreversible damage to the enzyme during the 
immobilization steps. One of the major challenges is still the need of an 
easy and straightforward method that makes it possible to determine the 
activity of adsorbed or surface-bound enzymes. The activity of surface- 
bound enzymes may be altered by several factors, including denaturation, 
orientation on the surface, and steric hindrance7, 13, 15'17, 19, 141_144. 
Conventional assays for direct measurement of the activity of free 
enzymes are often based on UV/ Vis spectrometry. These assays are not 
reliable if enzymes are immobilized on particles, because the particles 
increase light scattering and consequently can lead to false results. This 
Problem can be circumvented if a so-called end-point-mode assay is used, 
which consists of removing the particles from suspensions before 
measuring the product generated by the particle-bound enzymes36, 106,145,
146

Here we investigate the adsorption of the serine protease a-chymotrypsin 
on colloidal TiÜ 2 particles. TiÜ 2  colloidal particles are frequently used as a 
carrier because of their lack of toxicity, their stability and easy availability, 
as well as their relevance for several applications including bio-inorganic 
hybrids147"149, catalysis150, bioanalytical devices151 and proteomics152. 
Chymotrypsin represents a good model for studying the modulation of 
activity after immobilization due to its well-defined structure, well- 
characterized enzymatic properties153'155, and its practical applications146'
156

In this study Chymotrypsin was immobilized by physisorption to Ti02 
particles to avoid interference by additional chemicals or coupling reagents 
with the activity assay36' 157. A well-known enzymatic assay based on the 
hydrolysis of the artificial substrate p-NPA40, 131, 132 was then optimized to 
determine Chymotrypsin activity before and after adsorption of the 
enzyme on T i02 particles. Our data demonstrate that Chymotrypsin 
adsorbs efficiently to Ti02 colloidal particles in a pH-dependent and 
concentration-dependent manner, but only little enzymatic activity is 
retained after binding on the particle surface.
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8.2 Experimental section

8.2.1 Materials

Ti02 particles (DuPont™ Ti-Pure® R-101, 97 wt% rutile, 
Lot. No. 811969T.07) were obtained from DuPont de Nemours GmbH 
(Germany). Lyophilized a-chymotrypsin type II from bovine pancreas 
(molar weight 25300 g mol"1, purity 94.1 wt%, Lot. No. 60M7007V, 
65.622 units mg 1 protein, whereby one unit will hydrolyze 1 micromole of 
N-benzoyl-L-tyrosine ethyl ester per minute at pH 7.8 at 25 °C), 
p-nitrophenyl acetate (p-NPA; CAS No. 830-03-5, Lot. No. 0001422901), 
potassium dihydrogen phosphate (> 99 wt%, CAS No. 7778-77-0) and 
1,4-dioxane (>99.8 wt%, CAS No. 123-91-1, Lot. No. STBB3939) were 
purchased from Sigma-Aldrich (Germany) and used without any 
modifications. Pierce™ bicinchoninic acid protein assay kit (BCA assay) 
was obtained from Thermo Fisher Scientific GmbH (Germany). All other 
chemicals were purchased from Fluka (Switzerland) or Merck (Germany) 
at analytical grade. For all aqueous solutions double deionized water 
(ddH2Ü) with a conductivity of 0.04 |jS cm '1 was used as the solvent 
(Millipore Synergy®, Millipore Corporation, Germany).

8.2.2 Characterization of Ti02 colloidal particles

Prior to the investigations, the TiC>2 colloidal particles were calcinated at 
400 °C for 4 h with a heating and cooling rate of 3 °C m in'1 (oven 
L3/11/S27, Nabertherm, Germany) to remove any possible organic 
contaminants. The particle size was determined by dynamic light 
scattering (DLS, Malvern Zetasizer Nano SP, Malvern Instruments Ltd, UK) 
using 0.003 vol % Ti02 suspension at pH 8. Before each DLS 
measurement, the suspensions' conductivity and pH were adjusted to 
avoid or to minimize particle agglomeration. The pH was adjusted to pH 5 
and pH 8 with 1 M KOH or 1 M HCl using a pH-meter (Five Easy™ FE20, 
Mettler-Toledo GmbH, Switzerland). The conductivity was set at 
500 |jS cm"1 using 3 M KCl, which corresponds to an ionic strength of 3 
mM.

The particles' specific surface area (SSAbet) was obtained by Volumetrie 
nitrogen adsorption measurements using a BELsorp-mini II device (Bel
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Japan Inc, Japan) and assuming a cross-sectional area of the nitrogen 
molecule of 0.162 nm235. Adsorption isotherms were recorded at -1 96  °C. 
All samples were out-gassed at 100 °C under flowing argon for 24 h 
before measurement.

Zeta potential (^-potential) measurements were carried out using an 
electroacoustic spectrometer DT1200 (Dispersion Technology Inc., USA), 
as previously reported118. ^-potential measurements were carried out 
using 1 vol. % Ti02 suspensions with an initial conductivity of 500 pS cm '1 
and the pH was varied with the integrated titration unit using 1 M HCl and 
1 M KOH. The quantity of hydroxyl groups present on the surface of TiC>2 

particles was determined by potentiometric titrations (TitraLab® TIM 840 
Titration Workstation, Hach Lange GmbH, Germany) according to 
Hidber158, 159. The TiC>2 particle density was measured by a helium 
pycnometer (Pycnomatic ATC, Porotec GmbH, Germany).

Transmission electron microscopy (TEM) imaging was performed using a 
FEI Titan 80/300 kV (FEI, The Netherlands) equipped with a Cs-corrector 
for spherical aberration of the objective lens at 300 kV and a vacuum of
1.3 x 10'7 mbar. Ti02 particles were deposited on graphene-coated copper 
grids (Graphene Supermarket, New York, USA). The particle morphology 
was analyzed by scanning electron microscopy (SEM; field-emission SEM 
SUPRA 40, Zeiss, Germany) operating at 2.00 kV mounted on carbon 
tape.

The hydrophilic/ hydrophobic surface properties were investigated by 
Volumetrie water and n-heptane adsorption measurements using a 
BELsorp 18-3 device (Bel Japan Inc, Japan) according to124,160. Amounts 
of adsorbed water and n-heptane are reported as a ratio p/po of 0.95, to 
most accurately simulate atmospheric conditions. Prior to the adsorption 
measurements, all samples were out-gassed at 100 °C under flowing 
argon for 24 h. The average and Standard deviations of three single 
measurements are given.

8.2.3 Hydrophobie/ hydrophilic properties of Chymotrypsin

Chymotrypsin representation of secondary structure, spatial surface 
potential distribution and surface hydrophilic/ hydrophobic regions were
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visualized using the Software Visual Molecular Dynamics (VMD, Version 
1.9.1)70. The atomic Coordinates of the proteins were taken from the 
Brookhaven Protein Database (PDB-ID: 4CHA). After a 1 ns Molecular 
Dynamics Simulation in explicit solvent, the projection of the hydrophobic 
and hydrophilic amino acids on the "solvent accessible surface area" were 
calculated using the corresponding function included in VMD with a probe 
radius of 0.14 nm.

8.2.4 Time-dependent and pH-dependent adsorption/ 
desorption of Chymotrypsin

Adsorption of proteins and enzymes depends on environmental factors 
such as ionic strength and pH7,36. Based on previous research on protein 
adsorption158 we set the conductivity of the suspension to 500 pS cm '1 
which corresponds to the ionic strength of 3 mM to ensure a stable 
adsorption conditions.Ti02 aqueous suspensions were prepared by mixing 
2.07 g of Ti02 with 49.5 ml of ddH20  (corresponding to 1 vol % 
suspension). The pH was adjusted to pH 5 and 8 and the suspension 
conductivity was set at 500 |j S cm '1 as mentioned above. The Hamaker 
constant of rutile is rather high (60 x 10'21 J)52. Thus, the Ti02 particles 
tend to build agglomerates and were deagglomerated, prior to incubation 
with Chymotrypsin, using an ultrasound sonotrode at output 150 W and 
pulse rate 0.5 s (Sonifier® 450, Branson, USA) for 10 min. Chymotrypsin 
stock solutions (concentration of 20 mg m l'1) were freshly prepared by 
dissolving lyophilized Chymotrypsin in ddH20  and adjusting the pH to 5 
and 8 with 1 M HCl and 1 M KOH, respectively. The initial concentration of 
Chymotrypsin was measured by means of a BCA assay.

A  schematic description of the experimental set up for adsorption and 
desorption studies is shown in Figure 8.1. First, 900 pl of TiC>2 suspension 
were mixed with 100 pl Chymotrypsin (Incubation I) in 1.5-ml 
polypropylene tubes (Eppendorf, Germany). The conductivity at the Start 
of the incubation was determined to be approximately 550 pS cm '1. Tubes 
were constantly overhead shaken (Stuart rotator STR4, Bibby Scientific 
Ltd., UK) at room temperature at a speed of 30 rpm to prevent 
agglomeration.
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Figure 8.1 Schematic description of the experimental set-up for adsorption (a) and desorption 
(b) studies.

After 1 or 4 h the suspensions were centrifuged for 10 min at 21,100 g 
(Heraeus Fresco 21 centrifuge, Fisher Scientific, Germany). 950 pl of 
supernatant (supernatant I containing the free Chymotrypsin) were 
collected and Ti02 particles with adsorbed Chymotrypsin were shortly
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rinsed with 950 |jl ddh^O. Afterwards, 950 |jl ddH20 with a pH 5 or 8 and 
a conductivity of 500 pS cm"1 were added (incubation II). Identical 
incubation pH values were used in incubation I and incubation II. The 
concentration of Chymotrypsin in the supernatants I and II was measured 
using the BCA assay.

8.2.5 Concentration-dependent adsorption of Chymotrypsin on 
TiOz

TiC>2 suspensions were prepared as described above and the pH and 
conductivity of the suspension were adjusted to pH 8 and to 500 pS cm"1, 
respectively. Chymotrypsin stock solutions of different concentrations 
(2.5, 5, 7.5, and 20 mg m l'1) were freshly prepared by dissolving 
lyophilized Chymotrypsin in ddH2Ü. The pH of these stock solutions was 
adjusted to 8. 900 pl of 1 vol % Ti02 suspension were mixed with 100 pl 
of Chymotrypsin stock solutions. Samples were overhead shaken at a 
speed of 30 rpm at room temperature for 1 h, and then centrifuged at
21,100 g for 10 min. 950 pl of supernatants were collected and 
Chymotrypsin concentration measured by BCA assay.

8.2.6 Determination of the enzymatic activity of Chymotrypsin

The enzymatic activity of free Chymotrypsin remaining in the supernatants 
of colloidal particles was determined according to references40, 131, 132. 
Briefly, 20 pL of the supernatant were mixed with 140 pL 100 mM 
potassium phosphate buffer at pH 8.5 in wells of a 96-well microtiter plate 
(Nunc™, Denmark). 160 pL 0.2 mM p-NPA were added and the increase in 
absorbance due to the formation of p-nitrophenolate (p-NP) ion was 
continuously measured at 405 nm using a microtiter plate reader 
(Sunrise, Tecan, Austria) (Figure 8.2a). The same conditions were used to 
determine the KM and Vmax of free Chymotrypsin, whereby the applied 
substrate concentrations were 0.01, 0.03, 0.05, 0.07, 0.1, 0.15 mM.
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Figure 8.2 Schem atic description of the experimental set-up for c lass ic  activity assay with 
free Chymotrypsin (a) and optim ized activity assay with Chymotrypsin adsorbed on T i0 2 
colloidal particles (b).

The enzymatic activity of adsorbed Chymotrypsin was determined by using 
an end-point measurement (Figure 8.2b). After adsorption of 
Chymotrypsin under the conditions given in the legends of each figure, the 
suspensions were centrifuged for 10 min at 21,100 g and the supernatant 
was collected to determine the loss in Chymotrypsin content due to 
particle adsorption. The particles were shortly rinsed with 950 pl ddhhO 
and mixed with 280 pl 100 mM potassium phosphate buffer at pH 8.5 in a 
1.5 mL polypropylene tubes. 320 |jl 0.25 mM (if not stated otherwise) 
p-NPA were added and after 45 min the reaction mixtures were again 
centrifuged, the supernatant collected, and 320 |jl of each supernatant 
were used to measure the absorbance at 405 nm. Preliminary 
experiments using incubation periods of 35, 45 and 60 min revealed that 
the absorbance at 405 nm due to the formation of p-NP increased almost
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proportional to time. Therefore, incubation periods of 45 min were chosen 
to determine the enzyme-dependent hydrolysis of p-NPA by particle- 
bound Chymotrypsin. Analogically, the described conditions were used to 
determine the KM and Vmax of adsorbed Chymotrypsin, whereby the applied 
substrate concentrations were 0.01, 0.03, 0.05, 0.07, 0.1, 0.15 mM.

Control experiments revealed that, under the experimental conditions 
used, some hydrolysis of p-NPA occurred in the absence of Chymotrypsin. 
Therefore, for all experimental conditions applied, also the enzyme­
independent hydrolysis of p-NPA was recorded. For kinetic analysis of the 
concentration-dependency, the values obtained for the spontaneous 
enzyme-independent hydrolysis of p-NPA were subtracted from the values 
for the respective enzyme-containing reactions. The Hanes plot was used 
to linearize the data for the enzyme-dependent hydrolysis in order to 
calculate the values for the Michaelis-Menten constant KM and the maximal 
reaction rate Vmax. The specific enzymatic activity of Chymotrypsin was 
determined by normalizing the absolute Chymotrypsin activity with respect 
to the protein content of the corresponding Chymotrypsin solution. 
Additionally, Controls of spontaneous hydrolysis using pure water and 
particles suspensions (without enzyme) were carried out showing that 
adsorption of hydrolysis products does not take place on colloidal 
particles.

8.2.7 Statistical analysis

All experiments were performed at least three times. The data given in the 
figures and the tables are mean values ± Standard deviations (SD). 
Statistical analyses were performed by a paired or unpaired t-test using 
the GraphPad InStat 3 Software (GraphPad Software Inc, USA.), p > 0.05 
was considered as not significant.
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8.3.1 Characterization of Ti02 colloidal particles

The properties of the TiC>2 particles used in this study are summarized in 
Table 8.1.

Table 8.1 Properties of T i02 colloidal particles.a The data were obtained by manufacturer. All 
measured data represent means ± SD of values that were obtained in 3 independent 
experiments.

8.3 Results

Property

Ti02 colloidal particles

values method

Purity" (wt%) £ 9 7 -

Size (nm) dso: 161 ±  7 dynamic light scattering

SSAbet (m2 g'1) 5 .9  ± 0 .1 Volum etrie nitrogen adsorption

Exchange capacity 
(OH nm'2) 5.1 ± 0 .1 titrations according to Hidber158,159

Isoelectric point (IEP) 8 .3  ± 0 .3 electroacoustic colloidal Vibration current technique

Density (g cm4) 4 .1 3  ± 0 .0 1 pyenometer

Hamaker constant 
(x 10"21 J)

CMU3oCO full spectral method

Crystal structure rutile X-ray diffraction and electron diffraction with HR-TEM
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Ti02 particles are non-spherical (Figure 8.3) and feature a narrow size 
distribution based on D LS  measurements (Table 8.1). TEM analysis 
confirmed that particles mainly consist of 97 % rutile. The SSAbet of the 
particles is 5.9 m2g^and the exchange capacity 5.1 OH-groups per nm2.

Figure 8.3 HR-TEM images of Ti02 before incubation with different magnification (a and b). 
Inlet picture in b shows diffraction pattern of rutile. Scanning electron micrographs of T i02 
before (c) incubation with Chymotrypsin.

p- Q

8 f  < Ü
Ö
E

"e

&

■  adsorption on TiO. colloidal particles 

- Q  desorption from T i02 colloidal particles

Figure 8.4 Hydrophilic/ hydrophobic properties of T i02 colloidal particles. S S A Bet was taken 
into account for normalized calculations and adsorption/ desorption is shown for n-heptane 
(a) and water (b) on/ from T i02 surface.
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The water and n-heptane adsorption capacities (Figure 8.4) were 
normalized to the SSAbet of the particles (Table 8.1). A  higher affinity for 
n-heptane (~ 23 |jmol m'2) than for water (~ 12 ^mol m"2) was 
determined.

8.3.2 Time-dependent and pH-dependent adsorption/ 
desorption of Chymotrypsin

The dependence of the adsorption of Chymotrypsin to the surface of TiC>2 

particles on time and pH was investigated as depicted in Figure 8.1a by 
determining the Chymotrypsin content in the supernatant. Of the initially 
applied 1.64 mg Chymotrypsin, 15 % and 58 % were found adsorbed after 
1 h incubation at pH 5 and pH 8, respectively (Figure 8.5a). Increasing the 
incubation time to 4 h, 18 % and 64 % of the initially applied 
Chymotrypsin was adsorbed at pH 5 and pH 8, respectively. The 
adsorption of Chymotrypsin under these conditions was practically 
irreversible. Namely, at pH 8 only a few percent of the previously 
adsorbed Chymotrypsin desorbed within 1 h of incubation in the pure 
solvent at adjusted pH (Figure 8.5b).

£■
O
E
€
TD
Ü

Adsorption

. 'n'tiaLGhymqt^sm^mount = 100 % _

0.5-

64 %

18%

pH 5

58% ]■
pH 8

X 0.5

Desorption

2 %

pH 5 pH 8

after 1 h incubation I after 1 h incubation I ♦ 1 h incubation II
after 4 h incubation I after 4 h incubation I ♦ 1 h incubation II

Figure 8.5 Time- and pH-dependent adsorption/ desorption behavior of Chymotrypsin on Ti02 
colloidal particles. Chymotrypsin at a concentration of 1.64 mg ml'1 was incubated with 
0.9 vol % Ti02 suspension at the indicated pH values for 1 h and 4 h (incubation I). After 
centrifugation, the supernatant was used to determine the Chymotrypsin concentration. The
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absolute values of adsorbed Chymotrypsin (a) were calculated by subtracting the 
concentration of free Chymotrypsin in the supernatant from the initial Chymotrypsin 

concentration. Desorption studies were performed after a given adsorption condition 
(incubation I) by incubating chymotrypsin-adsorbed T i02 colloidal particles for 1 h at the 
indicated pH values. Absolute amount of desorbed Chymotrypsin (b) was measured in the 
supernatant after incubation II. The percental amounts of average adsorbed/desorbed 
Chymotrypsin are given as percent of the initially applied Chymotrypsin concentrations. The 
data shown represent means ± SD of values obtained in 3 independent experiments.

8.3.3 Concentration-dependent adsorption of Chymotrypsin on 
TiOz

The amount of adsorbed Chymotrypsin on Ti02 increased gradually with 
the increase of the applied enzyme concentration (Figure 8.6). For 
Chymotrypsin concentrations of 0.21, 0.34, 0.53 and 1.64 mg ml"1, 
approximately 50, 60, 63 and 58 % of the initially applied protein content 
(Figure 8.6a) and 34, 80, 72 and 63 % of the initially measured enzyme 
activity (Figure 8.6b), respectively, had disappeared from the supernatant 
after 1 h incubation with TiC>2 colloidal particles. The specific activity of the 
remaining Chymotrypsin in the supernatant was found to be rather 
constant at approximately 10 nmol p-NPA hydrolysis m in'1 mg'1. This is 
not substantially different from the specific activity of Chymotrypsin 
incubated in the absence of particles (Figure 8.6c).

s i r r* . r t  »i,

20

1,5
2

■ss C  ioI 1
t  £  0.5

0.21 0 34 0 53 104 
Initial ctymotrypw c©nc*ntr«t«on

(mg ml'1)

fkPli

rh

0.21 0.34 0 53 1 64 

Irntnl C*ym otryp*in co«centr*tK>n 

(m g  ml ') (mg mJ )

( = □  Chymotrypsin reference: without TiO. colloidal particles 

after incubation with TiOz colloidal particles

Figure 8.6 Concentration-dependent adsorption of Chymotrypsin on T i02 colloidal particles. 
Chymotrypsin in the concentrations indicated was incubated without or with 0.9 vol % T i02 
colloidal particle suspension at pH 8 for 1 h. After centrifugation, the supematant was used to 
determine the absolute enzymatic activity (a) and the concentration (b) of free Chymotrypsin 
in the supernatant. These data were combined to calculate the specific activity (c) of free 
Chymotrypsin in the supematant. The data shown represent means ± SD of values obtained
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in 3 independent experiments. Asterisks indicate the significance of differences between the 
Controls (before incubation with T i02 colloidal particles) and after the incubation with T i02 
with *p < 0.05 and **p < 0.01 calculated in an unpaired t-test.

To determine the concentration-dependent amount of active Chymotrypsin 
adsorbed on Ti0 2  colloidal particles, the particles were exposed to 
Chymotrypsin in concentrations of up to 0.53 mg mL"1 (Table 8.2). After 
an adsorption period of 1 h, the non-bound Chymotrypsin was removed 
and the activity of the bound Chymotrypsin was determined by measuring 
the hydrolysis of p-NPA during an incubation period of 45 min. The 
hydrolytic activity of particle-bound Chymotrypsin increased almost 
proportionally to the initial Chymotrypsin concentration, at least up to a 
Chymotrypsin concentration of 0.53 mg mL'1. Higher concentrations of 
Chymotrypsin were not used, as particles exposed to 0.53 mg mL'1 
Chymotrypsin were already able to hydrolyze p-NPA in an amount 
corresponding to an absorbance of 1 (Figure 8.7).

Table 8.2 Concentration-dependent adsorption of Chymotrypsin on Ti02 colloidal particles 
and its influence on enzymatic activity

Initial Chymotrypsin 
applied

Adsorbed Chymotrypsin 
(difference in 
supernatant)

Activity of bound Chymotrypsin

mg mL'1 nmol m in1 mg m L 1 nmol m in1 nmol m in1 % o f
adsorbed

% o f
initial

0.21 2.00 ±0.21 0.10 ±0.01 0.67 ± 0.23 0.18 ±0.05 27 ±8 9 ± 3

0.34 4.08 ± 0.37 0.21 ±0.10 3.27 ±0.99 0.26 ± 0.08 8 ± 3 6± 2

0.53 5.82 ±0.10 0.33 ± 0.08 4.17 ± 1.46 0.44 ±0.13 11 ± 3 8 ± 2
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As a negative control, the same assay was run on incubations of 
chymotrypsin-free particles. In this case we found an absorbance of 0.48, 
which derives from the spontaneous (enzyme-independent) hydrolysis of 
p-NPA (Figure 8.7).

initial Chymotrypsin concentration (mg m l1)

Figure 8.7 Hydrolytic activity of T i02-bound Chymotrypsin. Chymotrypsin in the indicated 
initial concentrations was incubated with 0.9 vol % Ti02 colloidal particle suspension at pH 8 
for 1 h. After centrifugation, the Chymotrypsin adsorbed on T i02 colloidal particles was 
incubated with buffer and 0.25 mM p-NPA for 45 min and the absorbance of the formed p-NP 
in the supernatant was determined at 405 nm. The spontaneous non-enzymatically catalyzed 
hydrolysis of p-NPA is indicated by the dashed line. The data shown represent means ± SD 
of values obtained in 3 independent experiments.

8.3.4 Substrate concentration-dependency for free and 
adsorbed Chymotrypsin

In order to perform a Michaelis-Menten kinetic analysis of Chymotrypsin 
activity, we investigated the dependency of the hydrolyzing activity of 
both particle-bound and free Chymotrypsin on the concentration of the 
p-NPA substrate. For both conditions, the spontaneous, enzyme­
independent hydrolysis increased almost proportional to the concentration 
of applied p-NPA (Figure 8.8a-b).
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Figure 8.8 Substrate concentration-dependency for free Chymotrypsin and adsorbed 
Chymotrypsin on T i02 colloidal particles. As a non-enzymatically catalyzed hydrolysis of 
substrate, p-NPA takes place, the samples of spontaneous hydrolysis are also shown for free 
(a) (using pure water at adjusted pH 8 as blank measurement) and for adsorbed 
Chymotrypsin (b) (using pure titania suspension at adjusted pH 8 as blank measurement). 
Subtraction results show Michaelis-Menten kinetics for free (c) and for adsorbed 
Chymotrypsin (d). A  Hanes plot was used to linearize the data for free (e) and adsorbed 
Chymotrypsin (f) and to calculate the KM and Vmax values. The data shown represent means ± 
SD of values obtained in 3 independent experiments. Asterisks in a and b indicate the 
significance of differences between the Controls (spontaneous hydrolysis) and the 
chymotrypsin-containing conditions with *p < 0.05 and **p < 0.01 calculated in a paired t-test.
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Statistical analysis for KM and vmax values was performed by the unpaired t-test and p is 
< 0.05.

Similarly, the rate of p-NP generation in the presence of free Chymotrypsin 
(Figure 8.8a) or of particle-bound Chymotrypsin (Figure 8.8b) (which 
represents the sum of enzyme-dependent and enzyme-independent 
hydrolysis) increased with the concentration of p-NPA. Subtraction of the 
spontaneous hydrolysis from the respective values recorded for 
chymotrypsin-containing reactions revealed a Michaelis-Menten-like 
kinetics behavior for the enzyme-dependent reactions (Figure 8.8c-d). 
Linearization of the data by Hanes plot gave a good linear correlations and 
allowed to calculate the Michaelis-Menten constant KM and maximal 
reaction rate Vmax (Figure 8.8e-f), as previously described69. For the free 
Chymotrypsin, KM and Vmax values of 10 ± 3 |jM and 
2.57 ± 0.36 nmol min"1 were determined, respectively. These values 
changed for Chymotrypsin adsorbed to T i02 colloidal particles to 
39 ± 16 |JM {Km) and 0.44 ± 0.08 nmol min 1 (VW ) (Figure 8.8).

8.4 Discussion

In this study we have investigated the adsorption of Chymotrypsin on Ti02 
colloidal particles. In addition to simply measure the amount of enzyme 
adsorption, we have also determined its hydrolytic activity both in the 
particle-bound fraction and in the supernatant fraction. For supernatant 
samples the enzymatic hydrolysis of p-NPA was directly measured by on­
line monitoring of the appearance of p-NP in the reaction mixture by a 
well-known activity assay40' 131, 132, which had been miniaturized to 
microtiter plate format. In contrast, an end-point measuring system had 
to be applied to determine the activity of the particle-bound enzyme 
(Figure 8.1 and Figure 8.2).

For all conditions used here, the enzyme-independent hydrolysis of p-NPA 
was observed to increase almost linearly with the applied substrate 
concentration, as expected. Since the enzyme-independent hydrolysis of 
p-NPA did not differ for reactions without or with Ti02 colloidal particles, a 
stimulated p-NPA hydrolysis by T i02 can be excluded for the conditions
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used in this work. Nevertheless, we performed for all incubation conditions 
appropriate enzyme-free control incubations to determine the enzyme­
independent hydrolysis of p-NPA. These values for spontaneous hydrolysis 
were subtracted from the respective data observed for the enzyme- 
containing reactions to obtain the data for the enzyme-dependent 
hydrolysis.

The amount of adsorbed Chymotrypsin on TiC>2 colloidal particles was 
found to be much higher after incubation at pH 8 than at pH 5 (see Figure 
8.5a). As the IEP of Chymotrypsin is approximately 8.5-8.840, 161'163, 
Chymotrypsin is positively charged at pH 5 but almost neutral at pH 8. 
Similarly, Ti02 colloidal particles have an IEP of 8.3 (Table 8.1) and are 
also positively charged at pH 5 and almost neutral at pH 8. Thus, 
repulsion between Chymotrypsin and TiÜ 2 is much stronger at pH 5 than 
at pH 8, which is consistent with the observed low adsorption at pH 5. It is 
interesting to note that strong adsorption takes place at conditions of 
electrostatic neutrality (pH 8). However, we stress that net charges are 
present in equal amount on both the surface (due to the amphoteric 
character of TiCh) and the protein, so that local ionic interactions at the 
protein/ surface interface cannot be excluded. In general, protein 
adhesion to oxide surfaces is governed by water-mediated favorable 
match between surface sites of different nature (charged, polar and non­
polar) with the equally diverse amino acid distribution of the protein164'166. 
In particular, mutually interacting hydrophobic/ hydrophilic patterns often 
lead to stable, in our case practically irreversible, protein adsorption. This 
is consistent with previous results of adsorption of Chymotrypsin on 
hexamethyldisiloxane films with a wide ränge of wettabilities167 and for 
colloids of polystyrene, styrene/ 2-hydroxyethyl methacrylate, and 
silica168. Indeed, the employed TiC>2 particles present a partially 
hydrophobic surface (Figure 8.4) and approximately 30 % of the 
Chymotrypsin surface was calculated to be hydrophobic (Figure 8.9).
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Figure 8.9 Secondary structure of Chymotrypsin (a) with the active site in dark grey. The 
active site includes triad of amino acids Ser 195, His57, Asp 102. Hydrophilic (green) and 
hydrophobic (white) areas of Chymotrypsin are shown in b.

For the analysis of the behavior of particle-bound Chymotrypsin it was an 
essential prerequisite, that the enzyme was not desorbed by incubation at 
high pH, as also the activity measurements were performed at high pH. 
The hydrolytic activity of Chymotrypsin in the supernatant of TiC>2 particles 
decreased after the incubation. The reason for this decrease is adsorption 
of the protein to the particles, as also the protein content of the respective 
sample decreases accordingly. In fact, as the specific activity of the 
hydrolytic activity in the supernatant remained almost constant, it can be 
excluded that unbound Chymotrypsin was inactivated by the presence of 
rutile TiC>2 particles. This contrasts literature data for Ti02 with anatase 
crystal structure, which has been found to inactivate Chymotrypsin by 
oxidative damages at least after exposure to ultraviolet light169, 170. In 
addition, autolysis of Chymotrypsin, which has been reported to take place 
during incubations at around pH 8171"173, appears not to be involved in the 
observed loss of Chymotrypsin activity from the supernatant, consistent 
with recently published data under sim ilar conditions105.

The adsorbed amount of Chymotrypsin on TiC>2 colloidal particles was 
proportional to the initial concentrations of applied Chymotrypsin, as 
demonstrated by the almost linear concentration-dependent 
disappearance of Chymotrypsin and decrease of activity from the 
supernatant of Ti02-containing reactions and the almost linear increase in 
particle-bound hydrolytic activity.
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The activity of particle-bound Chymotrypsin depended on the 
concentration of the substrate p-NPA. After subtraction of the respective 
spontaneous enzyme-independent hydrolysis, the particle-bound 
Chymotrypsin showed apparent Michaelis-Menten-like kinetic behavior 
(Figure 8.8c-d). Linearization of the data in a Hanes plot59 was used to 
calculate the kinetic Parameters KM and Vmax for the adsorbed 
Chymotrypsin. The apparent KM value calculated for adsorbed 
Chymotrypsin was higher and the Vmax value was much lower than the 
respective values determined for free Chymotrypsin, suggesting that 
enzyme-substrate interactions are strongly altered by the binding of 
Chymotrypsin to Ti02. We observe that the adsorption is matched by a 
substantial loss of enzymatic activity, so that only approximately 6-9 % of 
the initial enzyme activity is preserved (Table 8.2).

Possible reasons of the increase in KM value and for the decline in maximal 
hydrolytic activity could be conformational changes or blockage of the 
active site caused by adsorption of the enzyme on the Ti02 surface. The 
observed increase in the KM value of TiCVbound Chymotrypsin for its 
substrate is consistent with literature data for Chymotrypsin that had been 
immobilized on synthetic polyurethane grafted with acrylic acid132 or on 
porous glass174. An almost complete loss of the enzymatic activity was 
reported for Chymotrypsin adsorbed on the hydrophobic surfaces of 
polystyrene and Teflon, which was connected with severe structural 
perturbations36. Impairment of catalytic properties of protease have also 
been reported for the serine-protease trypsin after contact with nano- 
sized TiC>2 films, where both geometrical constraints of TiC>2 nanopores 
and the cluster-wise adsorption of trypsin were suggested as the main 
factors underpinning the steric hindrance of the immobilized enzyme34. 
Similarly, a decline of specific activity of trypsin occurred after 
encapsulation of trypsin in sol-gel matrices175.

Furthermore, the geometrical arrangement and interfacial behavior of 
Chymotrypsin were considered as the surface density of adsorbed 
enzymes can directly influence enzyme conformation and, subsequently, 
its activity. At the applied concentrations (Table 8.2) 0.011, 0.023 and 
0.036 Chymotrypsin molecules had adsorbed per nm2. These densities are 
below the theoretical end-on and side-one regulär monolayers calculated 
using the molecular dimensions of Chymotrypsin (5.0 nm x 4.4 nm x
4.7 nm) and according to94. The theoretical end-on and side-one regulär 
monolayers correspond to 0.052 and 0.040 Chymotrypsin molecules per
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nm2, respectively. Due to these low coverage densities, the formation of 
multilayers is negligible and lateral interactions between adsorbed 
enzymes are rather weak. Saha et al.176 showed that the activity of 
trypsin on CuS nanoparticles depends on surface density. When trypsin 
molecules form a complete monolayer the 98% of the native enzyme 
activity was almost retained. At higher trypsin surface densities partial 
activity loss was observed, and possibly influenced by alteration in the 
tertiary enzyme conformation. This can be the consequence of either the 
decrease in the absolute number of active enzyme molecules on the 
particle surface or the reduced kinetics. Nevertheless, even low density of 
adsorbed enzymes could cause adsorption-induced structural changes. 
Wei et al.177 investigated the relationship between the conformation and 
activity of adsorbed lysozyme on fumed silica at different conditions. A 
60% loss of activity was found when lysozyme formed approximately a 
monolayer. Reduction of enzymatic activity is considered to be directly 
proportional to the degree of adsorption-induced changes of the protein's 
structure. A less direct role seems to be played by protein-protein 
interactions which tend to stabilize the structure of adsorbed lysozyme as 
suggested by structural studies.

Concerning potential technical applications of Chymotrypsin that is 
immobilized by physisorption to titania particles it is important to 
investigate in future studies the stability and reusability of the particle- 
bound enzyme. For alumina and silica colloidal particles we have recently 
reported such data105 and have demonstrated reusability of the 
immobilized enzymes by determining the proteolytic activity of the 
particle-bound enzyme in three consecutive 24 h lysozyme digestion 
steps. In addition, even after 7 weeks storage at room temperature, the 
immobilized Chymotrypsin was still active to digest lysozyme as a 
substrate. These data suggest that also for other types of colloidal 
particles, the hydrolytic activity of adsorbed Chymotrypsin is maintained 
and that these particles can be reused for multiple proteolytic cycles.

8.5 Conclusions

In this study we have demonstrated that the proteolytic enzyme 
Chymotrypsin adsorbs efficiently on TiC>2 colloidal particles in a 
concentration-dependent and pH-dependent process. pH 8 was found to 
be the preferred condition for strong Chymotrypsin adsorption. However,
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adsorption on TiC>2 colloidal particles negatively influenced the enzymatic 
activity of particle-bound Chymotrypsin as a substantial loss in enzymatic 
activity and an increase in the KM value for the artificial substrate p-NPA 
were observed. Further studies are needed to prove whether structural 
alteration of Chymotrypsin or other factors are responsible for the 
observed change of activity. Our experimental settings and the simple and 
fast methods developed in this study do not require any complex technical 
equipment and could be useful to study also the interactions of other 
hydrolytic enzymes with various types of colloidal materials.
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9 Effects of silica and alumina colloidal 
particles on the enzymatic activity of a- 
chymotrypsin after adsorption

ABSTRACT: A proteolytic enzyme, a-chymotrypsin, was adsorbed from 
aqueous solution on Si02 and Al203 colloidal particles using the 
physisorption method. The main focus of this study was to compare the 
influence of adsorption on Si02 or AI2O3 colloidal particles on the 
enzymatic activity of the adsorbed enzyme. Therefore, a known 
photometric assay based on p-NPA as a Chymotrypsin substrate was 
optimized to enable the assessment of enzymatic activity for adsorbed 
Chymotrypsin. The affinity of adsorption was higher for AI2O3 colloidal 
particles than for SiÖ2 due to the greater hydrophobicity of the AI2O3 

surface. Consequently, Chymotrypsin does not reach the theoretical 
regulär monoiayer side-on on the S1O2 surface under either acidic (pH 5) 
or basic conditions (pH 8). By contrast, the theoretical regulär monoiayer 
side-on was attained on the AI2O3 surface under both acidic and basic 
conditions. For both materials, Chymotrypsin exhibited a strong decrease 
in specific activity after adsorption under both pH conditions. Compared to 
S1O2, a significantly stronger decrease in specific activity occurred after 
adsorption on AI2O3 at pH 8, likely due to the higher packing density of 
AI2O3. The optimized assay is a rapid and straightforward method that can 
be easily applied to other colloidal systems to determine the enzymatic 
activities of adsorbed enzymes.

9.1 Introduction

Ceramic colloidal particles, specifically those composed of silica (Si02) and 
alumina (A I2O 3), are widely used as insoluble support materials for 
enzyme immobilization7' 9' 13, 19, 178‘ 180. Due to their numerous practical 
applications, proteolytic enzymes are also often employed for 
immobilization studies146, 152, 179, 181‘183. a  large number of studies have 
investigated enzymatic activity before and after immobilization14'17. 
Studies using different analysis methods to assess the activity of 
immobilized enzymes are necessary to compare the suitability of support 
materials.
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Based on these considerations, we analyzed the enzymatic activity of a 
proteolytic enzyme, a-chymotrypsin, before and after immobilization on 
SiC>2 and AI2O3 colloidal particles. For this purpose, a known enzymatic 
assay40, 131, 132 typically used for enzymes in solution was specifically 
adapted for immobilized Chymotrypsin. To avoid any additional influence 
of chemicals such as linkers and other coupling substances on enzymatic 
activity, we chose physisorption as the most straightforward 
immobilization method.

The main challenge in the analysis of the enzymatic activity of adsorbed 
enzymes is that assays based on UV/ Vis spectrometry cannot be directly 
used due to the light scattering caused by the colloidal particles. 
Consequently, the detailed optimization of the photometric assay based on 
p-nitrophenyl acetate (p-NPA) as a Chymotrypsin substrate included a 
demonstration of the reliable stability of enzyme adsorption and 
confirmation of the choice of the amount of enzyme adsorbed on the 
colloidal particles; the experimental conditions during physisorption, such 
as pH and ionic strength; the concentration of p-NPA; and suitable 
incubation times. These variables are essential to obtain reasonable 
extinction signals in a linear measurement ränge.

The applied method is simple, fast and does not require specialized 
complex facilities. Furthermore, the experiments for assay optimization 
represent a good basis for studies using other colloidal particles and can 
be applied in flexible and versatile ways.

9.2 Experimental section

9.2.1 Materials

SiC>2 colloidal particles (> 99.9% wt, SiC>2P015-01, lot. no. 100618-02V) 
were obtained from Fiber Optic Center (New Bedford, USA). A1203 colloidal 
particles (>99.99% wt, Taimei, TM-DAR, lot. no. 8086) were purchased 
from Krahn Chemie (Germany). Lyophilized a-chymotrypsin type II from 
bovine pancreas (molar mass 25300 g mol"1, purity 94.1% wt, 
lot. no. 60M7007V), p-nitrophenyl acetate (p-NPA, lot. no. 0001422901), 
potassium dihydrogen phosphate (>99% wt) and 1,4-dioxane 
(> 99.8% wt, lot. no. STBB3939) were obtained from Sigma-Aldrich 
(Germany) and used without any modifications. A  Pierce™ bicinchoninic 
acid protein assay kit (BCA assay) was obtained from Thermo Fisher
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Scientific GmbH (Germany). All other chemicals were of analytical grade 
and were purchased from Fluka (Switzerland) or Merck (Germany). For all 
aqueous solutions, double-deionized water (ddH20) with a conductivity of 
0.04 pS cm '1 was used as the solvent (Millipore Synergy®, Millipore 
Corporation, Germany).

9.2.2 Characterization of Si02 and AI2O3

To remove potential organic residues, the Si02 and AI2O 3 powders were 
calcinated at 400 °C for 4 h at a heating and cooling rate of 3 °C min"1 
(oven L3/11/S27, Nabertherm, Germany). The particle size was 
determined by dynamic light scattering (DLS, Beckman-Coulter 
DelsaNanoC, Beckman Coulter GmbH, Germany) using 0.003 vol % Si02 
and AI2O 3 suspensions at pH 5. Prior to each DLS measurement, the 
conductivity and pH of the suspensions were adjusted to avoid or 
minimize particle agglomeration. The conductivity was set at 500 pS cm"1 
using 3 M KCl, and the pH was adjusted with 1 M KOH or 1 M HCl using a 
pH meter (Five Easy™ FE20, Mettler-Toledo GmbH, Switzerland). The 
conductivity was set at 500 pS cm '1, which corresponds to an ionic 
strength of 3 mM.

The specific surface area (SSAbet) was obtained by Volumetrie nitrogen 
adsorption measurements using a BELsorp-mini II device (Bel Japan Inc., 
Japan) and assuming a cross-sectional area of the nitrogen molecule of 
0.162 nm236. Adsorption isotherms were recorded at -196  °C. All samples 
were out-gassed at 100 °C under flowing argon for 24 h before 
measurement.

Zeta potential (^-potential) measurements were performed using an 
electroacoustic spectrometer DT1200 (Dispersion Technology Inc., USA) 
as previously reported118. ^-potential/ pH titrations of 1 vol % S i02 and 
AI2O 3 suspensions with an initial conductivity of 500 pS cm"1 were 
performed with the integrated titration unit using 1 M HCl and 1 M KOH, 
respectively. The number of hydroxyl groups present on the surfaces of 
the S i02 and AI2O 3 particles was determined by potentiometric titrations 
(TitraLab® TIM 840 Titration Workstation, Hach Lange GmbH, Germany) 
according to Hidber158, 159. S iÜ 2  and AI2O 3 particle densities were
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measured with a helium pycnometer (Pycnomatic ATC, Porotec GmbH, 
Germany).

Transmission electron microscopy (TEM) imaging was performed using a 
FEI Titan 80/300 kV (FEI, The Netherlands) equipped with a Cs-corrector 
for spherical aberration of the objective lens at 300 kV and a vacuum of
1.3 x 10' 7 mbar. Colloidal particles were deposited on chemical vapor 
deposition (CVD) graphene film-coated copper grids (Graphene 
Supermarket, New York, USA). The particle morphology was analyzed by 
scanning electron microscopy (SEM; field-emission SEM SUPRA 40, Zeiss, 
Germany) operating at 2.00 kV mounted on carbon tape.

The hydrophilic/ hydrophobic surface properties were investigated via 
Volumetrie water and n-heptane adsorption measurements using a 
BELsorp 18-3 device (Bel Japan Inc., Japan) as described previously124, 
160. The amounts of adsorbed water and n-heptane are reported as a ratio 
P/Po of 0.95 to most accurately simulate atmospheric conditions. Prior to 
the adsorption measurements, all samples were out-gassed at 100 °C 
under flowing argon for 24 h. S S A bet and the molar masses of n-heptane 
and water were taken into account for normalized calculations, and 
adsorption/ desorption was calculated in |jmol m ' 2  for the SiCh and AI2O3 

surfaces. The average and Standard deviations of three single 
measurements are reported.

9.2.3 Size determination and hydrophobic/ hydrophilic 
properties of Chymotrypsin

Hydrophilic/ hydrophobic surface regions were visualized using the 
Software Visual Molecular Dynamics (VMD) (Version 1.9.1)70. The atomic 
coordinates of the proteins were taken from the Brookhaven Protein 
Database (PDB-ID: 4CHA). Molecular dynamic Simulation with an explicit 
solvent was applied for 1  ns, and projections of the hydrophobic and 
hydrophilic amino acids on the 'solvent accessible surface area' were 
calculated using the 'measure solvent accessible surface area' function 
included in VMD with a probe radius of 0.14 nm.
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9.2.4 Adsorption and desorption studies of Chymotrypsin

SiC>2 and AI2O3 aqueous suspensions were prepared by mixing 1.30 g of 
SiC>2 or 1.99 g of AI2O3 with 49.5 mL of ddh^O (corresponding to 1 vol % 
suspension). The pH was adjusted to pH 5 or 8 , and the suspension 
conductivity was set at 500 |jS cm " 1 as previously described. Prior to 
incubation with Chymotrypsin, the particle suspensions were 
deagglomerated for 1 0  min using an ultrasound sonotrode at output 
150 W, pulse rate 0.5 s (Sonifier® 450, Branson, USA). A Chymotrypsin 
stock solution (concentration of 20 mg mL"1) was freshly prepared by 
dissolving lyophilized Chymotrypsin in ddH2 Ü and adjusting the pH to 5 or 
8  with 1 M KOH or 1 M HCl. The initial concentration of Chymotrypsin was 
measured using the BCA assay.

A schematic description of the experimental set up for the adsorption and 
desorption studies is presented in Figure 9.1. First, 900 pL of either S i0 2  

or AI2O3 suspension was mixed with 100 pL of Chymotrypsin (Incubation I) 
in 1.5-mL polypropylene tubes (Eppendorf AG, Germany), and the 
resulting conductivity was ~ 550 pS cm '1. The tubes were shaken 
continuously (Stuart rotator STR4, Bibby Scientific Ltd., UK) at a speed of 
30 rpm to prevent agglomeration and were maintained at room 
temperature. After 2 h, the suspensions were centrifuged for 10 min at
21,100 g (Heraeus Fresco 21 centrifuge, Fisher Scientific, Germany). A 
950-pL aliquot of the supernatant (supernatant I containing the free 
Chymotrypsin) was collected, and Si0 2  and AI2O3 particles with adsorbed 
Chymotrypsin were briefly rinsed with 950 pL of ddH20  at pH 5 or 8  and a 
conductivity of approximately 500 pS cm ' 1 (incubation II). A 950-pL 
aliquot of supernatant (supernatant II containing the desorbed 
Chymotrypsin) was collected. Then, 950 pL of ddH2 0  at pH 5 or 8  and a 
conductivity of 500 pS cm " 1 was added (incubation III). After 1 or 18 h, 
the suspensions were centrifuged for 10 min at 21,100 g. A 950-pL aliquot 
of the supernatant (supernatant III containing the desorbed 
Chymotrypsin) was collected. The same pH was used for incubation I, 
incubation II and incubation III. The Chymotrypsin concentrations in 
supernatants I, II and III were measured using the BCA assay.
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Figure 9.1 Schematic description of the experimental set-up for the adsorption (a) and 
desorption (b) studies.
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9.2.5 Quantitative determination of adsorbed Chymotrypsin

After the incubations, the free Chymotrypsin concentration in the collected 
supernatants and in the control Chymotrypsin solutions without colloidal 
particles was measured using a sufficiently sensitive BCA assay according 
to the instructions for the Pierce™ BCA Protein Assay Kit. The amount of 
adsorbed Chymotrypsin was calculated by subtracting the measured free 
Chymotrypsin in the supernatant from the initial Chymotrypsin 
concentration in the control samples.

9.2.6 Enzymatic activity measurements of free Chymotrypsin

The enzymatic activity of free Chymotrypsin in the supernatants was 
determined according to references40, 131, 132. Briefly, 20 pL of the 
supernatant was mixed with 140 pL of 100 mM potassium phosphate 
buffer in a 96-well microtiter plate (Nunc™, Denmark). A 160-|j L aliquot of 
0.2 mM p-NPA was added, and the increase in absorbance due to the 
formation of p-nitrophenolate (p-NP) ions was measured at 405 nm using 
a microtiter plate reader (Sunrise, Tecan, Austria). The non-enzymatically 
catalyzed hydrolysis of p-NPA133, called spontaneous hydrolysis, was 
determined by mixing 20 pL of ddl-hO with 140 |j L of 100 mM potassium 
phosphate buffer as a blank.

9.2.7 Enzymatic activity measurements of adsorbed 
Chymotrypsin

The enzymatic activity of adsorbed Chymotrypsin was determined using 
the enzymatic assay presented in Figure 9.2. In detail, after the 2 h 
incubation, the SiC>2 and AI2O3 particles were briefly rinsed and mixed with 
280 pL of 100 mM potassium phosphate buffer in 1.5-mL polypropylene 
tubes. A total of 320 pL of 0.4 mM p-NPA was added, and after 20, 30 and 
40 min, the samples were centrifuged, and the supernatants were 
collected. Then, 320 pL of supernatant was used to measure the increase 
in absorbance due to the formation of p-NP at 405 nm after all three time 
points. The spontaneous hydrolysis of p-NPA was measured using SiC>2 

and AI2O3 suspensions that were not incubated with Chymotrypsin
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according to a reference133. A straight line was constructed from the 
extinction data for the three time points. Sim ilar to the enzymatic assay 
for free Chymotrypsin, the slope of the line was AE min"1. Further 
calculations were based on the Lambert-Beer law; the fundamentals of 
this calculation can be found in numerous books and publications6 9  (see 
Chapters 6  and 7.4). The specific enzymatic activity of Chymotrypsin was 
determined as a function of the Chymotrypsin concentration.

Chymotrypsin 

adsorbed on 

S i0 2 or A l20 3 

colloidal particles

potassium phosphate 

buffer at pH 8.5

substrate solution: 

p-NPA

30 min

40 min

after centrifugation: 

end point 

absorbance 

measurement at 

405 nm 

using supernatant

time (min)

Figure 9.2 Schematic description of the experimental set-up for the optimized activity assay 
for Chymotrypsin adsorbed on S i0 2 or Al20 3 colloidal particles.

9.2.8 Statistical analysis

All experiments were performed at least three times. The data in the 
figures and tables represent mean values ± Standard deviation (SD). 
Statistical analysis was performed with unpaired t-tests using the Software 
GraphPad InStat 3 (GraphPad Software Inc., USA.). Values of p > 0.05 
were considered not significant.
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9.3 Results

9.3.1 Characterization of Si02 and Al20 3

The properties of the highly pure SiC>2 and AI2O3 colloidal particles used in 
this study are summarized in Table 9.1, and SEM and HR-TEM images are 
presented in Figure 9.3. The Si0 2  colloidal particles were amorphous, and 
the AI2O3 colloidal particles were in a-phase. SiC>2 was spherical, and AI2O3 

was non-spherical, but both exhibited a narrow size distribution based on 
DLS measurements (Table 9.1).

Figure 9.3 Scanning electron micrographs of S i0 2 (a) and Al20 3 (b). Representative HR-TEM  
images of S i0 2 (c) and A l20 3 (d).

The S S A bet values determined by nitrogen adsorption were 34.0 m2  g" 1 

and 12.8 m2  g" 1 for S i0 2 and A l20 3, respectively. The S S A bet values and 
the amounts of colloidal particles in the analyzed suspensions were 
considered in the calculation of adsorbed Chymotrypsin; the values of both 
materials were compared in units of ng cm '2. The values of the exchange 
capacities were 4.9 OH-groups nm" 2 and 2.8 OH-groups nm ' 2 for SiÜ 2 and 
AI2O3, respectively.
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Table 9.1 Properties of S i02 and Al20 3 colloidal particles

Property S i0 2 A I A Method

P urity ' (wt%) £ gg.gg £ gg.gg -

Size (nm) dso- 180 ± 3 dso: 15g ±7 dynamic light scattering

Specific surface area 
(SSA bet) (m2 g"1)

34.0 ± 0.3 12.8 ±0.1 Volumetrie nitrogen adsorption

Exchange capacity  
(OH nm'2) 4.9 ± 0.2 2.8 ± 0.2

titrations according to Hidber158,
159

Isoelectric point (IEP) 2.7 ±0.1 9.9 ±0.1
electroacoustic colloidal 

Vibration current technique

H am aker constant52 

(x IO '21 J)
1.6 27.5 full spectral method

Density (g cm"3) 2.6 ±0.1 4.0 ±0.1 pyenometer

Crystal structure amorphous a-phase

X-ray diffraction and electron 
diffraction with high-resolution 

transmission electron 
microscopy

a The data were obtained from the manufacturer. All measured data represent the means ± 
Standard deviations of values obtained in 3 independent experiments.

91

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


The water and n-heptane adsorption capacities (Figure 9.4) were 
normalized to the SSAbet of the particles (Table 9.1). A I 2O 3 exhibited 
higher affinity for n-heptane (~ 25 ^mol m"2) than for water 
(~ 20 jjmol m'2). By contrast, SiC>2 exhibited lower affinity for n-heptane 
(~ 17 |jmol m'2) than for water (~ 85 |jmol m"2). The Hamaker constant of 
Si0 2  was significantly lower than that of A I 2O 352 (Table 9.1). A I 2O 3 colloidal 
particles tended to form more agglomerates than S i02. However, both 
materials exhibited suitable suspension stability under the indicated 
experimental conditions.

9  Adsorption on SiO,
- Q -  Desorption from SiOj 
A  Adsorption on Al_0,
/ \  Desorption from ALO,

Figure 9.4 Hydrophilic/ hydrophobic properties of S i0 2 and Al20 3 colloidal particles. The 
S S A bet and molar masses of n-heptane and water were considered for normalized 
calculations, and adsorption/ desorption is shown for water (a) and n-heptane (b) on S i0 2 

and Al20 3 surfaces.

9.3.2 Size determination and hydrophobic/ hydrophilic 
properties of Chymotrypsin

The size of Chymotrypsin was determined using VMD7 0  and PDB-ID 4CHA:
4.4 nm x 4.7 nm x 5.0 nm for x, y and z. The hydrophobic surface area 
was 28.3 nm2, and the hydrophilic surface area was 67.5 nm2. The pl 
value of Chymotrypsin is approximately 8.5-8.84 0 , 161 163.
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The adsorption data were analyzed considering the different values of 
SSAbet (Figure 9.5). At pH 5, ~ 32 ng cm ' 2 adsorbed on Si0 2 , and 
approximately 160 ng cm "2 adsorbed on AI2O3 (Figure 9.5a). Significantly 
more Chymotrypsin was adsorbed at pH 8  on S i02, ~ 110 ng cm"2. 
Approximately 176 ng cm ' 2 adsorbed on A l2 0 3  colloidal particles at pH 8 . A 
second normalization was performed to compare the adsorption data with 
the calculated theoretical regulär monolayer according to Adamczyk94. 
Chymotrypsin was assumed to occupy a circular area on the particle 
surface with the diameter of the enzyme's largest side as the side-on 
adsorption area and the enzyme's smallest side as the end-on adsorption 
area. The maximal surface packing density corresponded to 78.5 %, 
assuming quadratic packing of circles for a regulär monolayer. A regulär 
end-on monolayer consisted of 0.052 Chymotrypsin molecules nm"2, and a 
regulär side-on monolayer consisted of 0.040 Chymotrypsin molecules 
nm " 2  for the given enzyme dimensions. The enzyme amount close to the 
theoretical regulär side-on monolayer adsorbed on AI2O3 colloidal particles 
under both pH conditions, whereas monolayer coverage was not attained 
on the SiC>2 surface (Figure 9.5b). Approximately 17 % and 61 % of the 
theoretical regulär side-on monolayer were reached at pH 5 and pH 8 , 
respectively.

9.3.3 Adsorption of Chymotrypsin on Si0 2  and AI2O3 colloidal
particles

Chymotrypsin adsorbed on S i0 2 ----- Theoretical regulär monolayer end-on

Chymotrypsin adsorbed on A)20 3 ........ Theoretical regulär monolayer side-on

Figure 9.5 Adsorption of Chymotrypsin on S i0 2 and Al20 3 colloidal particles at pH 5 and pH 8 . 
The Chymotrypsin solution was incubated with 1 vol % colloidal particle suspensions with an 
ionic strength of 3 mM at pH 5 and pH 8 for 2 h. The data show the amount of Chymotrypsin 
obtained after the subtraction of free Chymotrypsin in the supematant from the initial 
Chymotrypsin concentration. Normalized values of adsorbed Chymotrypsin on S i0 2 and Al20 3
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are shown in ng cm-2 in a and in Chymotrypsin molecules nm"2 in b. S S A Bet was taken into 
account for both normalized calculations. The theoretically calculated values for the regulär 
monolayer in end-on and side-on adsorption orientations are marked as black dashed lines. 
The Standard deviations were obtained in 3 independent experiments.

9.3.4 Adsorption/ desorption studies of Chymotrypsin

The initial Chymotrypsin concentrations after pH adjustment were 
~ 1.86 mg mL ' 1 and ~ 1.57 mg mL ' 1 at pH 5 and pH 8 , respectively. At 
pH 5, adsorption on SiÜ 2  was less pronounced than on AI2O3 (Figure 9.6a). 
We measured ~ 1.7 mg mL ' 1 free Chymotrypsin in the supernatant after 
2 h of incubation I with the SiC>2 suspension. After incubation I with the 
AI2O3 suspension at pH 5, ~ 0.9 mg mL" 1 was not adsorbed. At pH 8 , we 
measured 0.6 and 0.5 mg mL" 1 free Chymotrypsin after incubation I with 
SiC>2 and AI2O3, respectively. Very low concentrations of desorbed 
Chymotrypsin were measured in all experimental steps. In particular, less 
than 0.04 mg mL" 1 Chymotrypsin for the S i0 2 suspension and less than 
0.1 mg mL ' 1 for the AI2O3 suspension were measured under both pH 
conditions.

The second assay measuring the absolute activity of free Chymotrypsin in 
the supernatant gave similar results (Figure 9.6b). The initial absolute 
activities were ~ 22.10 nmol p-NPA min" 1 mL' 1 and ~ 19.98 nmol 
p-NPA min" 1 mL' 1 at pH 5 and pH 8 , respectively (Figure 9.6). The 
absolute activity of free Chymotrypsin in the supernatant was 
~ 20.85 nmol p-NPA min" 1 mL' 1 after 2 h of incubation I with the Si0 2  

suspension at pH 5. After incubation I with the AI2O3 suspension at pH 5, 
~ 9.40 nmol p-NPA min" 1 mL" 1 remained. At pH 8 , 5.69 and 3.51 nmol 
p-NPA min" 1 mL' 1 were measured after incubation I with Si0 2  and AI2O3, 

respectively. Very low absolute activities were measured for desorbed 
Chymotrypsin in all experimental steps. In particular, less than 
1.65 nmol p-NPA min" 1 mL ' 1 at pH 5 and less than 1.35 nmol p-NPA min" 1 

mL ' 1 at pH 8  were measured for both materials.
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Figure 9.6 Adsorption and desorption studies of Chymotrypsin with S i0 2 and Al20 3 colloidal 
particles at pH 5 and pH 8 . Chymotrypsin at the indicated concentration was incubated with 
1 vol % suspensions with an ionic strength of 3 mM at pH 5 and pH 8  for 2 h. The 
supematant was removed to measure the concentration of non-adsorbed Chymotrypsin and 
its absolute activity. Pure water with pH adjusted accordingly was then added to the 
Chymotrypsin adsorbed on S i0 2 or Al20 3 colloidal particles to investigate whether 
Chymotrypsin can desorb after brief rinsing. The amount of desorbed Chymotrypsin after brief 
rinsing and the absolute activity were determined. Pure water with pH adjusted accordingly 
was then added again to Chymotrypsin adsorbed on S i0 2 or Al20 3 colloidal particles, and the 
mixture was incubated for 1 h and 18 h. After incubation, the supernatants were collected 
and assayed to quantify the desorbed Chymotrypsin and its absolute activity. Graphs a and b 
show the concentrations of Chymotrypsin in the supematant at pH 5 (a) and pH 8 (b) for all 
experimental steps shown in Figure 9.1. Graphs c and d show the absolute activity of 
Chymotrypsin in the supernatant in nmol p-NPA min' 1 mL'1 at pH 5 (c) and pH 8 (d). 
Additionally, control sam ples using Chymotrypsin solution without colloidal particles were 
measured in all steps of the experiment (solid line). The Standard deviation values were 
obtained in 3 independent experiments. Asterisks indicate significant differences between 
incubation with S i0 2 and with Al20 3, with *p < 0.05 and **p < 0.01 calculated in an unpaired 
t-test.
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9.3.5 Enzymatic activity of adsorbed Chymotrypsin

The absolute amount of adsorbed Chymotrypsin is shown in Figure 9.7a. 
At pH 5, ~ 0.26 mg and ~ 0.73 mg of Chymotrypsin adsorbed on SiC>2 and 
AI2O3, respectively. At pH 8 , ~ 0.88 mg of Chymotrypsin adsorbed on 
SiC>2 , and ~ 0.80 mg of Chymotrypsin adsorbed on AI2O3. The absolute 
activity was calculated (Figure 9.7b) using the data obtained in the 
optimized assay (Figure 9.2). The absolute activities of adsorbed 
Chymotrypsin on SiÜ 2  were 1.77 nmol p-NPA min ' 1 and 2.24 nmol 
p-NPA min" 1 at pH 5 and 8 , respectively. Chymotrypsin adsorbed on AI2O3 

particles exhibited absolute activities of 1.04 and 1.36 nmol p-NPA min" 1 

at pH 5 and 8 , respectively.

To compare the specific activity values after adsorption with that of the 
initial Chymotrypsin solution that was not incubated with colloidal 
particles, a solid line marks the initial specific activity of ~ 14.69 nmol 
p-NPA min ' 1 mg" 1 (Figure 9.7c). The specific activity of Chymotrypsin 
adsorbed on S i0 2 colloidal particles drastically changed at pH 5 to 
1.77 nmol p-NPA min ' 1 mg"1. At pH 8 , a value of 2.24 nmol p-NPA min ' 1 

mg" 1 was attained. The specific activity for Chymotrypsin adsorbed on 
AI2 O3 colloidal particles at pH 5 decreased by ~ 93% to 1.04 nmol 
p-NPA min ' 1 mg"1. At pH 8 , a decrease of ~ 91% to 1.36 nmol p-NPA 
min ' 1 mg ' 1 was observed for Chymotrypsin adsorbed on AI2 O3 colloidal 
particles.
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Figure 9.7 Specific activity of adsorbed Chymotrypsin on S i0 2 and Al20 3 colloidal particles at 
pH 5 and pH 8 . The Chymotrypsin solution was incubated with 1 vol % suspensions for 2 h as 
previously described. The supernatant was used to measure the activity of free 
Chymotrypsin. The data in the graph indicate the amount of adsorbed Chymotrypsin obtained 
after the subtraction of free Chymotrypsin in the supernatant from the initial Chymotrypsin 
concentration. The Chymotrypsin substrate p-NPA and buffer were directly added to the 
Chymotrypsin adsorbed on S i0 2 or Al20 3 colloidal particles and incubated for 20, 30 and 40 
min as shown in Figure 9.2. After incubation, the supernatants were collected, and the 
absorbance due to the formation of p-NP was measured at 405 nm. Graph b shows the 
absolute activity of adsorbed Chymotrypsin in nmol p-NPA per min. Specific activity (shown in 
graph c) was calculated by combining the data in graphs a and b and is given in nmol p-NP 
per min per mg enzyme. Due to the spontaneous hydrolysis of p-NPA, control samples using 
colloidal suspensions without Chymotrypsin were also measured at all steps of the 
experiment. The Standard deviation values were obtained in 3 independent experiments. 
Asterisks indicate the significance of the differences between incubation with S i0 2 and with 
Al20 3; *p < 0.05 and **p < 0.01 were calculated in an unpaired t-test.
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9.4 Discussion

Highly pure S i0 2 and A l20 3 colloidal particles were selected as the carrier 
material due to their non-toxicity, stability, easy availability and well- 
characterized properties (Table 9.1), as well as their relevance for several 
system s, including bio-inorganic hybrids6'8. The pH values for the 
adsorption/ desorption studies were selected based on the IEP values of 
both materials to facilitate implementation for pH-dependent 
adsorption/ desorption studies. Additionally, the Hamaker constant of 
AI2O 3 is higher than that of SiC>252 (Table 9.1), increasing the affinity of the 
form er for agglomeration and destabilization of the suspensions. 
Consequently, deagglomeration of the suspensions was carefully 
performed prior to each incubation using an ultrasound sonotrode. In 
addition to pH adjustments, adsorption was controlled by adjusting the 
ionic strength. Based on the findings of our previous study for general 
protein adsorption, the ionic strength was set to 3 mM to ensure stable 
adsorption158.

Using two analysis methods, we determined that Chymotrypsin adsorbed 
on both S i0 2 and AI2C>3 colloidal particles (Figure 9.5 and Figure 9.6). The  
adsorption was pH dependent, although adsorption on Al20 3  was favored. 
At pH 5 and pH 8 , adsorption on Al20 3  was 5 and 1.6 times higher, 
respectively, than that on S i0 2. W hereas the theoretical regulär monolayer 
side-on adsorption was reached on the AI2C>3 surface under both acidic and 
basic pH conditions, the am ount of Chymotrypsin adsorbed on S i0 2 was far 
less than the theoretical m onolayer formation.

Because the p l of Chymotrypsin is approximately 8 .5-8.8 4 0 ,161-163 and the 
IEP values are 2.7 for S i0 2 and 9.9 for A l20 3  (Table 9.1), electrostatic 
interactions do not appear to be the driving force for adsorption. At pH 5, 
AI2O 3 is positively charged, and S i0 2 is negatively charged. Thus, the 
adsorption of Chymotrypsin on S i0 2 should be preferred, considering the 
positive Charge of Chymotrypsin at this pH. However, adsorption on Al20 3  

was favored for both pH conditions. Rabe et al. previously discovered that 
at pH conditions close to the pl, proteins can exhibit more dense surface 
coverage because they are nearly neutrally charged184' 185. Indeed, the 
highest adsorption on both materials was observed at pH 8, at which 
Chymotrypsin is nearly neutral. However, due to the net charges on both 
the particle surface and the protein, local ionic interactions can still be 
present on the protein/ particle interface. Although the A l20 3  surface is
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slightly positively charged at pH 8 based on an IEP of 9 .9, this material 
exhibited the highest adsorption. In fact, for some large proteins, such as 
bovine serum albumin and ovalbumin, the maximum adsorption occurred 
close to their pIs, irrespective of the type of particle168.

Generally, protein adhesion to oxide particles is controlled by a water- 
mediated favorable match between charged, polar and non-polar surface 
sites with diverse amino acid distributions within the protein164"166. Thus, 
in addition to electrostatic interactions, the hydrophobic/ hydrophilic 
properties of the surface also influence adsorption167. A  higher affinity for 
the adsorption of n-heptane than water was measured for AI2O3. By 
contrast, notably higher water adsorption was observed on Si0 2  colloidal 
particles (Figure 9.4). These results indicate that the SiC>2 colloidal 
particles have a more hydrophilic surface, whereas the AI2O3 colloidal 
particles have a more hydrophobic surface. Furthermore, approximately 
30% of the Chymotrypsin surface is theoretically calculated to be 
hydrophobic (Figure 8.9). These differences in the hydrophilic/ 
hydrophobic properties of both materials underlie the favorability of 
Chymotrypsin adsorption on the AI2O3 surface. This result is consistent 
with previous results for the adsorption of Chymotrypsin on 
hexamethyldisiloxane films with a wide ränge of wettabilities167 and for 
colloids of polystyrene, styrene/ 2-hydroxyethyl methacrylate, and 
SiC>2168. Moreover, the pH dependence of Chymotrypsin adsorption at pH 5 
and 8 can be explained by the strong pH dependence of the isosurfaces of 
Chymotrypsin (see Figure 10.1). The substantial role of hydrophobic 
interactions in the binding between both particles and Chymotrypsin is also 
consistent with the limited desorption of adsorbed Chymotrypsin from the 
particles after the removal of free Chymotrypsin, in contrast to the binding 
of small biomolecules to colloidal ceramic particles, which is predominantly 
mediated by electrostatic interactions113' 186,187.

We successfully investigated the enzymatic activity of adsorbed 
Chymotrypsin on SiC>2 and AI2O3 colloidal particles. One of the main 
challenges was to modify and optimize a classic enzym atic activity assay40, 
131>132 based on p-NPA as a Chymotrypsin substrate to enable its specific 
application to adsorbed Chymotrypsin on Si02 and AI2O3 colloidal particles. 
Establishing this assay first required the identification of appropriate pH 
conditions to enable sufficient and stable adsorption. The selected values 
of pH 5 and 8 were both appropriate pH conditions for this study because 
sufficient Chymotrypsin was adsorbed on both materials with limited

99

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


desorption (Figure 9.6). This result was confirmed using a protein 
quantification assay and, in parallel, an enzymatic activity assay. We did 
not calculate specific activity at this point because the values for desorbed 
Chymotrypsin were low in both the quantification and activity assays, 
which would lead to misinterpretation of the data.

A  second important condition is the selection of a suitable incubation time 
during the activity assay to obtain a linear increase in absorbance during 
the measured time. This step also includes the selection of an appropriate 
substrate concentration and tests to demonstrate sufficient intensity of 
the extinction Signal, which should preferably be approximately 1. 
Numerous preliminary measurements confirmed the linear increase in 
extinction (Figure 9.2) during the tested timescale as well as the intensity 
of the Signal under the given conditions.

Specific activity is a conventional parameter for comparing the influence of 
adsorption on different materials on the enzymatic activity of enzymes188. 
Because different amounts of Chymotrypsin adsorbed on the surfaces of 
both materials, the specific activity, which was normalized to the amount 
of enzyme on the material of interest, was an appropriate benchmark 
(Figure 9.7c). At this point, calculating the specific activity was reasonable 
because both the amount of Chymotrypsin adsorbed on both materials and 
the Signal were sufficient. A strong decrease in specific activity was 
detected for Chymotrypsin after adsorption on S i0 2 and on A l2 0 3. 
Specifically, Chymotrypsin retained ~ 12 % and ~ 7 % of its initial specific 
activity on S i0 2 and on AI2O3 , respectively, after adsorption at pH 5; this 
difference was not significant. However, statistically significant differences 
between both materials were observed at pH 8 . Adsorbed Chymotrypsin 
retained ~ 15 % and ~ 9 % of its initial specific activity on S i0 2 and on 
A l2 0 3 , respectively.

A possible explanation for the pronounced decrease in the specific activity 
of Chymotrypsin adsorbed on S i0 2 and AI2C>3 particles under both pH 
conditions is the dense enzyme coverage, which may prevent access to 
the active site after adsorption. The more pronounced decrease in specific 
activity of Chymotrypsin adsorbed on the AI2O3 surface at pH 5 and 
particularly at pH 8  could be explained as follows. A high adsorption 
density close to theoretical monolayer formation occurred under both pH 
conditions. In particular, at pH 8 , where Chymotrypsin is almost neutral, a 
higher packing density was observed184' 185. This could lead to steric
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hindrance of the active site caused by neighboring Chymotrypsin 
molecules189. Due to the high amount of adsorbed Chymotrypsin, enzyme 
Clusters may also form on the surface and potentially render the active 
site inaccessible. A previous study performed by Gailite et al. 
demonstrated that trypsin, which has a structure sim ilar to that of 
Chymotrypsin, adsorbed on hydrophobic titania films, forming enzyme 
clusters rather than a well-structured monolayer34. Moreover, the AI2 O3 

surface was more hydrophobic than the Si0 2  surface. In general, enzymes 
undergo greater conformational changes on hydrophobic surfaces than on 
hydrophilic surfaces36. Finally, active sites can Orient toward the 
immobilization surface, resulting in reduced activity157. Indeed, because 
proteins immobilized via physisorption are randomly oriented on the 
surface, some fraction of the binding sites within a population of 
immobilized proteins are likely not accessible157. Orientation may be a 
primary factor because sim ilar results were observed for the Si0 2  surface. 
However, the observed decrease in specific activity reflects the interplay 
of all of these factors.

The approach utilized in this research study clearly demonstrates a 
method for determining the enzymatic activity of adsorbed enzymes. We 
selected physisorption as the most straightforward immobilization method. 
There were no general limitations, and the optimized assay can also be 
applied in studies employing other enzyme immobilization methods. The 
presented framework of the experiments provides a good basis for use 
with other colloidal particles and demonstrates how to adjust a known 
assay to a specific system. Moreover, this method is simple, rapid and 
requires only conventional technical equipment such as a UV/ Vis 
spectrometer.

9.5 Conclusions

The main focus of this study was to compare the influence of adsorption 
on Si0 2  and AI2O3 colloidal particles on the enzymatic activity of the 
proteolytic enzyme a-chymotrypsin. A known photometric assay based on 
p-NPA as a Chymotrypsin substrate was optimized to enable the 
assessment of the enzymatic activity of the adsorbed Chymotrypsin. 
Chymotrypsin's affinity toward adsorption via physisorption was higher for 
AI2O3 colloidal particles than for Si0 2  due to the greater hydrophobicity of
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the AI2O3 surface. Theoretical regulär m onoiayer side-on adsorption was 
achieved on the AI2O3 surface under both acidic (pH 5) and basic 
conditions (pH 8). However, theoretical regulär m onoiayer side-on 
adsorption of Chymotrypsin on the SiC>2 surface was not achieved under 
acidic or basic conditions. Chym otrypsin exhibited a strong decrease in its 
initial specific activity after adsorption on both colloidal materials, 
although the decrease was slightly more pronounced after adsorption on 
AI2O3 (by 91-93 %) compared to adsorption on Si02 (by 85-88 %). This 
decrease may be due to steric hindrance based on the packing density on 
AI2O3 as well as its hydrophobic surface, which induces a higher degree of 
structural changes in the adsorbed enzym es. By utilizing two different 
colloidal materials, we demonstrated that the optimized assay is a rapid 
and simple method that enables the determination of the enzymatic 
activity of adsorbed enzym es using conventional photometric devices and 
can easily be applied to numerous other colloidal system s.
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10 Physisorption of a-chymotrypsin on Si02 and 
Ti02: a comparative study via experiments 
and molecular dynamics simulations

ABSTRACT: In order to understand fundamental interactions at the 
interface between immobilized enzymes and ceramic supports, we 
compare the adsorption features of Chymotrypsin on Si02 and T1O2 

colloidal particles by means of a combination of adsorption experiments 
and molecular dynamics simulations. While the dependency of the 
adsorption amount on pH is consistent with the trend predicted by DLVO 
theory, other effects can only be rationalized if the atomic-scale details of 
the water-mediated protein-surface interactions are considered. On both 
surfaces, a clear driving force for the formation of a double monolayer at 
the Saturation coverage is found. Although nearly equal free energies of 
adsorption are estimated on the two materials via a Langmuir adsorption 
analysis, about 50 % more proteins per unit of surface can be 
accommodated on T1O2 than on Si02. This is probably due to the lower 
surface diffusion mobility of the adsorbed protein in the latter case. 
Surface anchoring is realized by a combination of direct ionic interactions 
between charged proteins and surface sites (more pronounced for S1O2) 
and distinct structuring of the surface hydration layers in which the 
contact residues are embedded (more pronounced for Ti02). Finally, 
normalization of the data with respect to particle surface areas accessible 
to the proteins, rather than determined by BET nitrogen adsorption, is 
crucial for a correct Interpretation of the results.

10.1 Introduction

Enzymes are widely exploited for industrial and technological applications 
as catalysts in complex chemical processes operating under mild 
environmental conditions. Since free and soluble enzymes pose several 
handling problems, they are often immobilized onto solid insoluble 
supports15,17,18. Immobilization confers enzymes higher stability towards 
temperature variations and solvents6"8, permits enzyme reusability in 
continuous processes12"14, facilitates their recovery after the reaction 
without any significant loss to its biochemical properties6 , 8 and allows an 
easier Separation from other dissolved compounds3"6, 140. Immobilization
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of enzymes on solid supports via covalent binding, entrapment or 
adsorption via e.g. hydrophobic and ionic interactions may provide 
stability to the immobilized enzyme structure, ultimately resulting in an 
improved enzyme activity and stability6' 8. Covalent binding permits a 
stable enzyme fixation to the carrier material and suppresses enzyme 
leaching. However, it often requires several synthesis steps including 
surface conditioning with hazardous chemicals190. On the contrary, 
immobilization by physical adsorption is considered to be a more 
straightforward and therefore economically attractive and environment- 
friendly approach6, 8' 146. It does not require any additional chemicals and 
can be carried out at mild conditions191.

Numerous studies have focused on the application of ceramics such as 
silica (SiOz) and titania (Ti0 2 ) as solid supports or carrier materials in 
biotechnological applications2' 180, 192‘195. These include bioreactors, water 
purification devices196"199, chromatography applications systems200, 
biomedical implants and drug delivery systems2' 180,192,193,201-203. it  is well 
known that adsorption on hydrophobic materials may induce strong 
conformational changes of the adsorbed proteins, which could inactivate 
them36, 106, 204. On hydrophilic surfaces, adsorption is generally found to 
better conserve the native protein structure36' 106, 204, which makes 
ceramic particles suitable for technical use as enzyme carrier material. 
SiÜ 2 and TiÜ 2 , considered in this work, have different isoelectric points 
(IEPs) and different surface Charge distributions. They are therefore 
representative candidates to carry out a fundamental study of non- 
covalent interaction mechanisms between their surfaces and adsorbed 
enzymes in aqueous solutions33. For our study we have selected the well- 
characterized and technically relevant enzyme a-chymotrypsin. 
Chymotrypsin is a mammalian digestive enzyme involved in the 
proteolytic activity of pancreatic juice, and in the hydrolysis of ester 
bonds36. It hydrolyzes specifically peptide bonds in which the carbonyl 
group belongs to phenylalanine, tyrosine or tryptophan amino acids172. 
Chymotrypsin is widely used both diagnostically and therapeutically for 
the treatment of pancreatic disease, and is involved in cancer 
metastases205'207.

Protein adsorption onto carrier materials is driven by a complex 
combination of Derjaguin- Landau- Verwey- Overbeek (DLVO) 
interactions47, solvent-mediated effects, hydrogen bonds, ionic bonds and 
metal ion bridges7, 33, 158, 208. Furthermore, the reported activity and
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amount of adsorbed enzym es vary widely depending on the specific carrier 
material/ enzym e pair36, 106, 209. Previous circular dichroism (CD) studies of 
Chymotrypsin adsorbed on hydrophobic Teflon or on hydrophilic fumed 
SiC>2 performed by Zoungrana et a l.106 and Norde et al.36 showed that 
Chymotrypsin tends to build tightly-packed adsorbed layers. On SiÜ 2, a 
clear loss of the helical content of the molecule due to the interaction with 
S i0 2 was reported 106. Nevertheless, the measured activity was observed 
to diminish only slightly after adsorptions, suggesting an overall 
Conservation of the tertiary protein structure in proximity of the 
enzymatically active site. This is consistent with the idea that globular 
proteins adsorb on solid particles forming a rather compact layer with 
thickness comparable to the dimension of the native molecule210, even 
though structural rearrangements could take place at the protein/ surface 
interface region.

Regarding the strength of the protein/ surface interactions, it has been 
shown that the binding affinity of proteins to particle surfaces do not 
correlate with their net charges, but rather depends on the mutual 
distribution of charged sites on either side of the interface211' 212. For the 
case of Chymotrypsin on Si02, Zoungrana et a l.106 and W elzel213 were not 
able to desorb previously adsorbed molecules neither in phosphate buffer 
at pH 7.1 nor in 0.01 M sodium Chloride solutions106, and interpreted the 
results in terms of a non-reversible adsorption.

Although several studies on enzym e physisorption on ceramic materials 
have been reported, the precise effects of different surfaces on the 
adsorption behavior of enzym es are still poorly understood. In this study, 
we perform a system atic comparison of the adsorption of Chymotrypsin on 
SiÜ 2 and T i0 2  particles, taking into account environmental Parameters 
such as pH, ionic strength, enzym e concentration and incubation time. 
The obtained experimental results are rationalized by means of 
com prehensive Molecular Dynamics (MD) simulations that give insights 
into the adsorption orientation, surface diffusion mobility and atomistic 
details of the protein-surface contact points. The combined experimental 
and Simulation analyses elucidate the adsorption behavior of Chymotrypsin 
from single molecules up to a dense protein layer at a Saturation coverage 
corresponding to at least a double monolayer. In our analysis, we 
highlight the crucial role played by correct quantification of the particle 
surface area accessible to proteins, which we suggest to differ 
considerably from the one measured by conventional BET nitrogen
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adsorption. This is especially the case for microporous materials, such as 
some types of SiC>2 particles.

10.2 Materials and methods

10.2.1 Materials

Silica colloidal particles (Si02; Si02P015-01, > 99.9 % wt, 
Lot. No. 100618-02V) were obtained from Fibre Optic Center (USA). 
Titania colloidal particles (TiCh; PT401L, 78 % wt rutile and 22 % wt 
anatase, Lot. No. 0108) were purchased from Ishihara Sangyo Kaisha Ltd 
(Japan). Lyophilized a-chymotrypsin type II from bovine pancreas (molar 
weight 25300 g mol"1, purity 9 4 . 1 %  wt, Lot. No. 60M7007V), 
p-nitrophenol acetate (CAS No. 830-03-5, Lot. No. 0001422901), 
potassium dihydrogen phosphate (>99 % wt, CAS No. 7778-77-0), sinapic 
acid (Lot. No 1392702 32008266) and 1,4-dioxan (> 99.8 % wt, CAS No. 
123-91-1, Lot. No. STBB3939) were obtained from Sigma-Aldrich 
(Germany) and used without any modifications. Pierce™ bicinchoninic acid 
protein assay kit (BCA assay) was obtained from Therm o Fisher Scientific 
GmbH (Germany). All other chemicals were purchased from Fluka 
(Switzerland) or Merck (Germany) at analytical grade. For all aqueous 
solutions double deionized water (ddH2Ü) with a conductivity of 0.04 |jS 
cm '1 was used as the solvent (Millipore Synergy® , Millipore Corporation, 
Germany).

10.2.2 Characterization of Si02 and Ti02

Prior to the investigation, Si02 and TiC>2 particles were calcinated at 400°C  
for 4 h with a heating and cooling rate of 3°C min"1 (oven L3/11/S27, 
Nabertherm, Germany) to remove any organic contaminants. The particle 
size was determined by dynam ic light scattering (DLS, Beckm an-Coulter 
DelsaNanoC, Beckman Coulter Gm bH, Germ any) using 0.003 vol % S iC V  
suspension at pH 5 or 0.003 vol % TiCVsuspension at pH 3. Prior to each 
DLS m easurement, the suspensions' conductivity and pH were adjusted to 
avoid or to minimize particle agglomeration and the particle suspensions 
were deagglomerated for 10 min using an ultrasound sonotrode Sonifier®
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450 (output 150 W, pulse rate 0.5 s, Branson, USA). Deagglomeration did 
not change any surface-specific property such as IEP. The suspension 
conductivity was set at 500 pS cm"1 using 3 M KCl and pH was adjusted 
with 1 M KOH or 1 M HCl. The BET specific surface area (SSAbet) was 
obtained by Volumetrie nitrogen adsorption measurements using a 
BELsorp-mini II device (BEL Japan, Japan) and assuming a cross-sectional 
area of the nitrogen molecule of 0.162 nm 2 36. The ^-potential 
measurements were performed in 1 vol % aqueous suspensions of S i0 2  

and Ti02 using the electroacoustic colloidal Vibration current technique 
(Acoustic & Electroacoustic Spectrom eter DT-1200, Dispersion 
Technology, USA) as described in118. SiC>2 and TiC>2 suspensions with an 
initial conductivity of 500 pS cm"1 were titrated using 1 M KOH or 1 M HCl 
to measure the ^-potential as a function of pH and to determine the 
isoelectric point (IEP). The quantity of hydroxyl groups present on the 
surface of the colloidal particles was determined by titrations according to 
Hidber158' 159.

The particle morphology was analyzed by scanning electron microscopy 
(SEM; field-emission SEM SUPRA 40, Zeiss, Germ any) operating at 
2.00 kV mounted on carbon tape. Transmission electron microscopy (TEM) 
imaging was performed using a FEI Titan 80/300 kV (FEI, The 
Netherlands) equipped with a Cs-corrector for spherical aberration of the 
objective lens at 300 kV and a vaeuum at 1.3 x IO"7 mbar. Si02 and Ti02 
particles were deposited on chemical vapor deposition (CVD) graphene 
film coated copper grids (Graphene Superm arket, New York, USA). The 
hydrophilic/ hydrophobic surface properties were investigated by 
Volumetrie water vapor and n-heptane adsorption measurements using a 
BELsorp 18-3 device (Bel Japan Inc, Japan).

10.2.3 MALDI-ToF-MS

MALDI-ToF-MS was used to investigate the presence of self-digestion- 
derived peptides in the supernatants collected after Chymotrypsin 
incubation for 20 h at pH 8. We used a MALDI-ToF-MS Voyager DE-Pro 
(Applied Biosystems, Foster City, USA) controlled by the Voyager Control 
Panel Software. Measurements were carried out on polished Steel targets, 
using a sinapic acid solution in a acetonitrile/ ddH2Ü mixture as the 
matrix. Spectra were recorded in linear mode at the mass ranges of 5-30
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kDa and 10-100 kDa to see the typical patterns associated with the 
Chymotrypsin m onom er and the possible presence of the Chymotrypsin 
dimer. In order to achieve statistically relevant results, 100 shots per 
Position were taken. Furthermore, measurements were repeated at three 
different positions within the spotted sample and accumulated. To 
investigate the tim e-dependent autolysis of Chymotrypsin reference 
without colloidal particles, MALDI-ToF-MS measurements were performed 
in the low measuring ränge of 800-5000 Da at incubation start, after 1 h, 
4 h, and 20 h of incubation. Prior to the m easurem ents, an external 
calibration was carried out using the calibration mixtures CalMixI and 
CalMixII, according to the manufacturer's instructions.

10.2.4 Time- and pH-dependent adsorption of Chymotrypsin to 
Si02 and Ti02

Aqueous suspensions (1 vol %) of SiC>2 and TiC>2 particles were prepared 
by mixing 1.3 g of Si02 or 2.12 g of Ti02 with 49.5 ml of ddH20 . The 
values of density used for the calculation are given in Table 10.1. The pH 
was adjusted using 1 M HCl or 1 M KOH solutions to pH 3, 5, 7.4 or 8 and 
the suspension conductivity was set to 500 ijS cm _1, which corresponds to 
an ionic strength of 3 mM, using 3 M KCl. Prior to incubation with 
Chymotrypsin, the particle suspensions were de-agglomerated for 10 min 
using an ultrasound sonotrode Sonifier® 450 (output 150 W, pulse rate 
0.5 s, Branson, USA). Chym otrypsin stock solution (concentration of 
20 mg ml"1) was freshly prepared by dissolving Chymotrypsin in ddH20  
and the pH was adjusted as described before.

Incubation was carried out by mixing 900 |jl of particle suspension with 
100 |jl Chymotrypsin stock solution in 1.5 ml polypropylene tubes 
(Eppendorf AG, Germ any). Precipitation was prevented by permanent 
overhead shaking (Stuart rotator STR4, Bibby Scientific Ltd., UK) at a 
speed of 30 rpm at room temperature for 1, 4 or 20 h. The suspensions 
were centrifuged for 10 min at 21100 g (Heraeus Fresco 21 centrifuge, 
Fisher Scientific, Germ any). Chymotrypsin concentrations in the 
supernatants and in Chymotrypsin reference solutions without colloidal 
particles were measured with the BCA assay 126,129, 214,215 with the lowest 
detection limit of 5 |jg ml"1 according to manufacturer's instructions. The 
enzymatic activity of Chymotrypsin was determined according to40,131,132.
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Briefly, 20 jjL of the supernatant were mixed with 140 |j L 100 mM 
potassium phosphate buffer in a well of a 96-microtiter plate (Nunc™, 
Denmark). The reaction was started by the addition of Chymotrypsin 
substrate, 160 |JL 0.2 mM p-nitrophenol acetate. The increase in 
absorbance due to the formation of p-nitrophenolate ion was measured at 
405 nm using a microtiter plate reader (Sunrise, Tecan, Austria).

10.2.5 Concentration-dependent adsorption of Chymotrypsin to 
Si02 and TiOz

The incubation was performed by mixing 900 |jl of particle suspensions 
with 100 (jl Chymotrypsin stock solution reaching the Start Chymotrypsin 
concentrations of 0.22, 0.55, 0.69, 2.37, 4.95 and 6.85 mg ml"1. After an 
incubation time of 20 h, the Chymotrypsin concentration and the 
enzymatic activity in the supernatant were measured as previously 
described134. The experimental data were fitted using the Langmuir 
isotherm :113,216

Here, r  and r max are the adsorbed and maximal adsorbed quantities, 
respectively, c is the Chymotrypsin concentration in solution, and K l is the 
Langmuir constant. The Gibbs energy of adsorption AG^S can be estimated 
from the Langmuir constant1 1 3 ' 2 1 6  as

where R is the gas constant, T is the temperature, and cSOiv is the molar 
concentration of pure water (55.5 molL"1). The non-linear least squares fit 
was performed by a Levenberg-Marquardt algorithm using SciPy217. The 
correlation of the non-linear fit with the experimental data was quantified 
with a Pearson's correlation coefficient calculated by the 
scipy.stats.pearsonr function included in SciPy217.

(10.2 )
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10.2.6 Desorption studies

To test whether adsorption was reversible or irreversible, desorption 
studies with several washing steps were performed. Therefore, 
supernatant and colloidal particles were separated and ddl-hO was added 
to the particles at the same pH as during the previous incubation. After 
short rinsing, the supernatant was collected. This procedure was repeated 
three times. All the supernatants were used to measure the amount of 
adsorbed protein.

10.2.7 Moiecuiar Dynamics simulations

The protein structure for the performed simulations was taken from the 
Brookhaven Protein Database (PDB-ID: 4CHA). Missing residues and 
atoms were added to the protein monomer with the LEaP program (Link, 
Edit and Parm, which is included in the AmberTools Simulation package at 
http://ambermd.org)218. The size of the enzyme was approximated as a 
rectangular cuboid with edge lengths of 4.4, 4.7 and 5.0 nm in x, y and z 
directions. The secondary structure of Chymotrypsin comprises for the 
major part beta sheets, but presents two alpha helix motifs located on one 
side of the protein (Figure 10.1a). The enzymatically active site includes a 
triad of amino acids (serine 195 , histidine 57 and aspartic acid 102) 2 19  

which is highlighted in cyan in Figure 10.1a.

The 'constant-pH' feature of the AMBER package2 1 8  was used to adjust the 
protonation state of all titratable amino acids of the protein to the pH 3, 5,
7.4 and 8 . The isoelectric point of Chymotrypsin ranges between 8.5 and 
8 .8 40,161‘ 163. At our experimental conditions at 3 < pH < 8 , Chymotrypsin 
has an overall positive Charge. The distribution of the electrostatic 
potential around the protein was calculated by a numerical solution of the 
Poisson-Boltzmann equation using the 'pbsa' program included in the 
AMBER package218. Consistently with the experiments, the salinity was set 
to 3 mM including monovalent ions only, and the temperature to 300 K. 
The electrostatic potential around Chymotrypsin at pH 3, 5, 7.4 and 8  are 
represented in Figure lO .lb -d  by negative (red) and positive (blue) 
isovalue surfaces at ± 30 mV. At pH 3 Chymotrypsin has a positive net 
Charge of +7 e, giving rise to a predominantly positive potential surface, 
especially on one protein side. The net Charge decreases to +4 e at pH 5 
and +3 e at pH 7.4 and 8 , resulting in the formation of separated positive 
(bottom) and negative (top) protein regions. Accordingly, a strong dipole 
moment of 529 D (1.76 10' 2 7 Cm) is oriented towards the positive end.
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directly facing the alpha helix region and is shown as an orange arrow in 
Figure 10.1a.

pH 5 d pH 7.4 & 8

Figure 10.1 (a) Schematic view of Chymotrypsin. The catalytic triad is displayed in cyan 
spheres, the a-helices in purple and the ß-sheets in yellow. The molecular dipole is shown as 
an orange arrow. (b-d) Isosurfaces representing the calculated electrostatic potential around 
the protein at the values of -1 kBT/e (-25.85 mV) (red) and +1 kBT/e (+25.85 mV) (blue) at pH 
3.0 (b), 5.0 (c) and 7.4 or 8.0 (d).

The protein is equilibrated for ~ 1 ns in explicit solvent using the TIP3P 
water model220. The Charge of the Simulation cell is balanced including an 
appropriate number of chlorine ions. The final bare protein structure is 
taken for further simulations. The Parameters for the Simulation of the 
protein, ions and the TIP3P water model are taken from the AM BER_99SB  
force field218. The am orphous structure of the SiC>2 slab is taken from Cole 
et al221. To adjust the surface Charge according to the pH, the protonation 
state of the surface terminal groups is changed as described by Butenuth 
et al.222. The surface charges used in this work are average values of the 
results of potentiometric titration experim ents223'226. This results in a final 
surface Charge density of 0 .0, -0.005, -0.05 and -0.07 C m -2 at pH 3.0,
5.0, 7.4 and 8.0, respectively.

A  model for an am orphous T iÜ 2 surface was created by cutting a single 
rutile crystal in an arbitrary direction, relaxing the surface atoms and 
annealing at 500 K for 200 ps to heal surface defects. The surface was
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then immersed in water. Water molecules next to under-coordinated Ti 
atoms with a coordination number smaller than five were dissociated by 
adding an OH-group to the Ti atom and binding the remaining proton to a 
neighbor bridging oxygen as described in2 2 7  for the creation of Ti0 2  

particles. Terminal OH groups on Ti atoms and protonated bridging O 
atoms were considered as potential protonation/ deprotonation sites, as 
described by a modified multi site complexation (MUSIC) model2 2 8  by 
Koppen et a l . 2 2 9  (Figure 10.2), resulting in a surface Charge density of
0.113, 0.037, -0.055 and -0.078 C m - 2  at pH 3.0, 5.0, 7.4 and 8.0, 
respectively.

The intramolecular interactions among the Ti0 2  crystal atoms were 
described by the force field developed in230, while the intermolecular 
interactions of the Ti0 2  atoms with water and biomolecules were described 
by the force field developed in231.

Qo» = - 0.417 e

Figure 10.2 Equilibrium of charged surface groups on T i0 2. Partial charges qi are computed 
as described in230,231. Local changes of the charges 5: after protonation/ deprotonation are 
indicated on the right, (a) De-hydroxylation of a terminal Ti-OH group, resulting in a total 
surface Charge change of -1 e. (b) De-protonation of a bridging OH group resulting in a total 
surface Charge change of +1 e.

The complete simulated systems consisted of one or multiple proteins 
above each of the two surfaces. The static calculations were performed in 
implicit solvent according to the Onufriev-Bashford-Case Generalized Born 
model232. The height of the protein over the surface was defined as the

qM ■ ♦ 0.417«
♦ Sä

Qo * 0.2 *
qT) - 0.1915 e
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distance between the closest two atoms of surface and protein in the 
normal direction of the surface. No periodic boundary conditions were 
used. Therefore, the surface dimensions (18.1 x 18.1 nm2 for the S iÜ 2 

surface and 16.2 x 19.1 nm2 for the TiC>2 surface) were set large enough 
to avoid spurious edge effects. The distance cutoff of the non-bonded 
interactions was set to 100 nm. Force-distance profiles were evaluated for 
36 different orientations of the protein from surface contact up to 5 nm 
above the surface in steps of 0.2 Ä.

The molecular dynamics simulations were performed in explicit TIP3P 
water molecules under periodic boundary conditions using the GROMACS 
version 4 .5 .5  Simulation package233. A  dense protein layer formation with 
a total surface density of 0.077 proteins nm"2 over TiC>2 and 0.073  
proteins nm '2 over SiC>2 was placed as the initial structure over the 
respective surfaces. The orientations of the individual proteins were 
randomized. The Charge was neutralized by an appropriate number of 
sodium ions. The water density was adjusted to the TIP3P water density 
at 300 K, namely 0.983 g cm"3. All surface atoms were constrained. In 
order to use a time step of 2 fs, the hydrogen atoms in the system were 
constrained by the 'linear constraint solver' (LINCS) algorithm234. The 
tem perature in the dynam ic Simulation was adjusted with a modified 
Berendsen thermostat with an additional stochastic term that enables a 
correct canonical ensem ble235. The coupling constant is set to 1 ps and the 
non-bonded interaction cutoff to 1.2 nm. Visualization analyses were 
performed with VM D70. The am ount of secondary structure elements of 
the dissolved and adsorbed proteins was quantified using the Define 
Secondary Structure of Proteins (DSSP) method of Kabsch and Sander236.

10.3 Results

10.3.1 Characterization of Si02 and Ti02 colloidal particles

We begin our study with a detailed characterization of the used SiC>2 and 
T i0 2  colloidal particles, which is essential to interpret correctly the later 
presented protein adsorption experiments. The particle properties are 
summarized in Table 10.1 and SEM and HR-TEM images are reported in 
Figure 10.3.

113

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


Figure 10.3 Typical SEM  (a,b) and HR-TEM (c,d) images of the employed S i0 2 (a,c) and 
T i0 2 (b,d) colloidal particles.

These reveal almost perfectly spherical Si02 particles with an average 
diam eter of 150 nm and agglomerates of more irregulär Ti02 primary 
particles with an average diam eter of 130 nm, obtained approximating the 
irregulär particles with spheres. On the other hand, dynam ic light 
scattering measurements offer diam eters for T iÜ 2 particles twice as large 
as those of S iÜ 2 particles (384 vs 180 nm, respectively). This could be due 
to the formation of T i0 2 agglomerates, which are probable according to 
the significant higher Ham aker constant (Table 10.1). To ensure particle 
suspension, all probes are threatened with ultrasound. Despite the sim ilar 
primary particle sizes visible in the SEM and HR-TEM images, the specific 
surface area ( S S A Bet) determined by nitrogen adsorption is three times 
higher for S iÜ 2 (34.0 m2g_1) than for Ti02 (12.4 m2g_1) (Table 10.1). 
Instead, if spherical particle shapes are assumed in both cases, less 
dissimilar values or 12.1 and 8.6 m2 g 1 are obtained for Si02 and T iÜ 2, 
respectively. We believe the lager Si02 BET surface area to be a 
consequence of the microporous structure of the Stöber silica material237, 
238. This would also explain the dramatically higher adsorption capacity 
and the hysteresis visible in the water adsorption isotherm of Si0 2  

compared to Ti02 (Figure 10.4).
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p ' p„
Adsorption onto SiO,

- O “  Desorption from SiOj 
Adsorption onlo T i0 2 

-D  Desorption from Ti03

Figure 10.4 Adsorption isotherms of (a) water and (b) n-heptane on S i0 2 and T i0 2 colloidal 
particles, normalized to their S S A bet surfaces.

Also the values of proton exchange capacity (given in OH-groups per nm2) 
are by a factor of 8  higher for S i0 2  than for T i0 2 (see Table 10.1). Both 
surfaces, however, are predominantly hydrophilic, as revealed by the 
significantly smaller affinity to n-heptane than to water for both particle 
species. Concerning the adsorption of larger biomolecules such as 
Chymotrypsin, we define here a Protein Accessible Area based on the 
geometrical analysis of the SEM images (PAASem, see Table 10.1), 
assuming that the proteins cannot diffuse into the smaller micropores 
accessible instead to N2 and H20  molecules. This distinction between 
SSAbet and PAASem will be important to interpret correctly the formation of 
dense protein layers on the particle surfaces, as described in the next 
section.
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Table 10.1 Properties of S i0 2 and T i0 2 colloidal particles. All measured data represent 
means ± Standard deviation of values that were obtained in 3 independent experiments. 
Theoretically calculated values are calculated as average of 20 values and reported with 
their Standard deviation.a The data were given by the manufacturer.

Property S i0 2 T i0 2 Method

Purity3 (wt% ) >99.9 >99.9 -

DLS Size (nm) dso: 180 ± 3 d5o: 384 ± 3 dynamic light scattering

SEM  Size (nm) 142 ±7 130 ±15 SEM images

Specific surface area  
(SSA bet) ( m V )

34.0 ± 0.3 12.4 ±0.5 Volumetrie nitrogen adsorption

Theoretical protein  
accessible surface area  

(PAAsem)
(m2 g-1)

12.8 ±0.8 8.6 ± 1.0 geometrical analysis of the SEM 
images

Exchange  
capacity (OH nm'2) 4.9 ± 0.2 0.6 ±0.1 titrations according to Hidber158,169

Isoelectric point (IEP) 2.7 ±0.1 6.6 ±0.1
electroacoustic colloidal Vibration 

current technique

H am aker constant52' 53 
( x  10"21 J) 1.6 rutile: 60 

anatase: 37 full spectral method

Density (g cm '1) 2.6 ±0.1 4.2 ±0.1 pyenometer

Crystal structure amorphous
rutile: 78 wt% 

anatase: 22 wt%
X-ray diffraction and electron 

diffraction with HR-TEM
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10.3.2 Dependence of the protein adsorption on incubation 
time and pH

The amount of Chymotrypsin adsorbed on the SiC>2 and T iÜ 2 particles was 
measured as a function of the incubation time (1 h, 4 h and 20 h) and 
solution pH (3, 5, 7.4 and 8) via two methods. Namely, both the 
concentration of protein remaining in solution after prolonged incubation 
and its enzymatic activity are determined and reported in Figure 10.5. 
Immediately evident is the decrease of solution concentration of the 
enzym e at increasing pH values for both particles. This is consistent with 
previous studies134 and indicates preferred adsorption of Chymotrypsin on 
negatively charged surfaces. Concerning the incubation time, statistically 
insignificant variations were observed between 1 and 4 h, but a significant 
reduction in concentration was observed after 20 h for the case of S iÜ 2 at 
the higher pH values. This is in line with previous reports showing that an 
equilibrium adsorption coverage on hydrophilic S i0 2  is reached after about

^ 106 ,239 ,240

The quantification of enzym atic activity in the supernatant follows a very  
similar trend. The used initial concentration of about 2 mg m l'1 results in a 
reference absolute activity of about 20 nmol p-nitrophenol min"1 m l'1 
(Figure 10.5d). During incubation with the particles, the activity 
diminishes with increasing pH and incubation time. Here it must be 
mentioned that the activity of the Chymotrypsin reference solution itself is 
reduced by up to 30 % after 20 h of incubation at higher pH, so that the 
dramatic supernatant activity reduction in the presence of particles is also 
due to aging effects and not solely due to surface adsorption.

These combined m easurements suggest a strong binding affinity of 
Chymotrypsin to both Si02 and Ti02 particles at neutral or basic pH. The 
affinity seem s to be stronger for the case of TiCh, for which the enzymatic 
activity of the supernatant was not measurable anym ore after 20 h of 
incubation. Binding to Si02 seem s to proceed via a slower kinetics, given 
the differences observed between 4 and 20 h of incubation. Repeated 
washing of the particles after Chymotrypsin adsorption was not sufficient 
to remove a protein am ount measurable with BCA assays (data not 
shown), suggesting an irreversible adsorption behavior on the time scale 
of the performed experiments. Finally, aging of the protein solution leads 
to a reduced enzym e activity also in the absence of particles. W hether this
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is caused by autolysis or by other effects is investigated in the next 
section by means of MALDI-ToF-MS.

C h y m o try p s in  w ith ou t  

c o llo id a l p a rt ic le s
S iO . T iO .

3
5 pH74

e

e

[ 4

1 1 ■ 1
%H74

Figure 10.5 Time and pH dependence of the concentration in the supernatant (a-c) and the 
absolute enzymatic activity in the supernatant (d-f) of Chymotrypsin reference solutions (a,d) 
and after incubation with S i0 2 (b,e) and T i0 2 (c,f) colloidal particles. The data shown 
represent means ± SD  of values obtained in 3 independent experiments with a starting 
Chymotrypsin concentration of 2.0 mg ml'1 prior to pH adjustment (see panel (a)).

10.3.3 MALDI-ToF-MS analysis of possible autolysis

The possible autolysis of Chymotrypsin in solution and in the supernatant 
of TiÜ 2 and Si0 2  particle suspension was analyzed by means of MALDI- 
ToF-MS measurements at pH 8 , where autolysis is most favorable171'173. 
The collected spectra are reported in Figure 10.6 in the m/z ranges from 5 
to 30 kDa and 10 to 100 kDa, and in Figure 10.7 in the m/z ränge of 800- 
5000 Da.

In the spectra the typical peaks arising from Chymotrypsin monomers 
(around 25.2 kDa) and dimers (50.5 kDa) are well visible. Moreover, 
peaks of multiply charged proteins occur at around 1 2 . 6  and
6.3 kDa/ Charge unit. Notably, no peaks attributable to peptide fragments 
derived from autolysis could be observed, irrespective of the incubation 
time and the absence or presence or particles (Figure 10.7), consistently 
with a previous study105. In summary, this investigation confirms that the 
protein remains complete within the time scale of our experiments, and
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that the Chymotrypsin m onomer is by far the predominant species present 
in the used solutions.
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Figure 10.6 MALDI-ToF-MS spectra of (a,b) the Chymotrypsin reference, and of Chymotrypsin 
after 20 h incubation at pH 8  with S i0 2 (c,d) or T i0 2 (e, f). The spectra are shown for the m/z 
ranges from 5 to 30 kDa/e (a,c,e), and from 10 to 100 kDa/e (b,d,f).
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Figure 10.7 MALDI-ToF-MS spectra of Chymotrypsin reference solutions without colloidal 
particles immediately after the start of the incubation (a), after 1 h (b), after 4 h (c), and after 
20 h of incubation (d) at pH 8 . The spectra show the low measured ränge of 800-3500 Da/e.

10.3.4 Analysis of the adsorption layers

The amount of adsorbed Chymotrypsin monomers was computed from the 
data shown in Figure 10.5, subtracting the measured concentration in the 
supernatant from the initial concentration prior to incubation (Figure 
10.8a-d). Normalization of the adsorbed protein amount to the particle 
surface was performed considering both the S S A bet and the PAAsem 
surfaces (see Table 10.1), as anticipated above. As references for a side- 
on or an end-on monolayer we consider rectangular surface units along 
the two main directions of the protein's envelope, corresponding to 25.0 
and 19.4 nm2 occupied by a single protein, respectively (see scheme in 
Figure 10.8 e). The amount of adsorbed protein (given both as protein 
number per nm2 and as protein mass per cm2) is reported as a function of 
the pH and incubation time.

Using S S A b et to normalize to the particle surface, the amount of 
Chymotrypsin adsorbed onto T i0 2 appears to be almost twice as high as 
onto Si0 2  (Figure 10.8a,b). Namely, the data obtained after 20 h of 
incubation increased from 25 ng cm "2 at pH 3 to 160 ng cm "2  at pH 8  on
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SiC>2 (Figure 10.8a), while on Ti02 the adsorbed concentration varied from 
a minimum of 50 ng cm"2 at pH 3 to 310 ng cm '2 at pH 7.4 and 8 (Figure 
10.8b). These values would correspond to a double layer of side-on 
adsorbed proteins on Ti02 and to a single side-on layer on SiC>2. Simple 
argum ents cannot explain this difference, especially given the 
considerably larger surface Charge and water affinity of Si02 with respect 
to Ti0 2 , two properties that often correlate with the protein adsorption 
affinity. However, considering the PAAsem as the normalizing particle's 
surface, the Situation changes. In this case, the maximum am ount of 
adsorbed Chymotrypsin is only slightly larger for T iÜ 2 (460 ng cm '2 at pH
7.4 after 20 h of incubation) than for S i0 2 (440 ng cm"2 at pH 8 after 20 h 
of incubation) (Figure 10.8c,d). As an important difference between the 
two materials, we note the continuous increase of adsorbed protein 
amount with pH on Si02, while the adsorption maximum was reached 
already at pH 7.4 for Ti02. Other subtle differences such the variations of 
the adsorbed am ount on Ti02 between pH 7.4 and 8.0, being of the same 
order as the error bars, are probably insignificant and shall not be 
discussed in further detail.

PAA
m odel

c

j J
jt J

00* ' ...........

-----Th«or*bC«l raguUr monol«y«< and-on
---- TtworMcal r» y jtm  monoiayvr ujeon

Figure 10.8 Amount of Chymotrypsin adsorbed on S i0 2 (a,c) and T i0 2 (b,d) as a function of 
time and pH. The data are expressed both in terms of ng cm '2 and of number of molecules 
per nm2 (right and left vertical axes in each panel, respectively). The concentration data are 
normalized to the S S A Bet (a,b) or the P A A sem (c,d) surface areas (see Table 10.1  and text). 
Theoretically calculated values for regulär end-on and side-on monolayers are marked as 
black dashed and dotted lines, according to the scheme in (e). The experiments are 
performed with a starting protein concentration of 2.0 mg ml' 1 prior to pH adjustment.
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10.3.5 Dependence of the adsorbed amount on the protein 
concentration

To investigate the dependence of the amount of adsorbed Chymotrypsin 
on the initial concentration in solution, Chymotrypsin was incubated with 
SiC>2 and Ti02 at pH 8 in concentrations ranging from 0.22 to 6.85 mg ml"1 
for 20 h. After incubation, the concentration in the supernatant was 
measured and, by subtraction, the adsorbed concentration was 
determined.

Chymotrypsin concentration in the supernatant 
(mg ml'1)

^  incubation with S i0 2 P A A  model 

^  incubation with S iO ?S S A BeT model 

□  incubation with TiO  P A A  model

incubation with TiO„ SSV

------ Langmuir fit
— -  Theoretical regulär monolayer end-on
* * * Theoretical regulär monolayer side-on

Figure 10.9 Concentration-dependent adsorption of Chymotrypsin on S i0 2 and T i0 2 colloidal 
particles at pH 8  after 20 h of incubation. The data are normalized with respect to the S S A Bet 
and P A A s e m  surface areas. Theoretically calculated values for regulär monolayer in 
adsorption orientation end-on and side-on are marked as black dashed lines. The data 
shown represent means with Standard deviations of values obtained in 3 independent 
experiments, and were fitted with a Langmuir isotherm model (black lines).

The results are reported in Figure 10.9 considering both the SSAbet and 
PAAsem surfaces for normalization, and were fitted with Langmuir 
isotherms to estimate the Saturation adsorption amounts and the free

energies of adsorption AG“*. For both particles types, Saturation was
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reached in correspondence of supernatant concentrations of about 2 
mg ml"1. Consistently with the analyses in the previous section, more 
protein was found adsorbed on TiC>2 than on Si02. Namely, considering the 
SSAbet the values differed by a factor of three ( r ^  = 488 ± 65 ng cm"2 for 

Ti02 and = 155 ± 18 ng cm '2 for Si02), whereas the difference was 

less dramatic if normalization is performed with the PAAsem surface ( r ^  = 

700 ± 103 ng cm"2 for TiC>2 and = 436 ± 58 ng cm"2 for Si02). These 

values again correspond to adsorption well beyond a monolayer, and 
indicate important differences in the adsorption modes of Chymotrypsin on 

the two different surfaces. Interestingly, A G l  (which is independent on 

the surface normalization) is alm ost the sam e for both materials, 
amounting to -34.3 ± 1.0 kJ m ol'1 for T iChand -35.6 ± 1.0 kJ m ol'1 for 
SiC>2. Possible reasons leading to these effects were investigated by means 
of all atom Molecular Dynamics simulations in the next sections.

10.3.6 Long-range interaction force of Chymotrypsin over Si02 
and TiC>2

From the experiments described above, the am ount of adsorbed protein 
on T iÜ 2 is either three times as high (SSAbet) or about 50 % larger 
(PAAsem) than on Si02, depending on the used normalization surface. This 
motivates an in-depth theoretical analysis of the adsorption modes at the 
atomistic level. In this section static calculations were used to evaluate 
the force-distance profiles and predict the most favorable adsorption 
orientation of single protein molecules onto models of am orphous SiC>2 

and TiC>2 surfaces at different pH values, according to Hildebrand et al166.

For this aim, 36 different protein orientations are considered, giving rise to 
a broad interaction profile and revealing the most attractive orientation for 
each surface and pH (Figure 10.10). For both surfaces, the 
protein/ surface force profiles are largely defined by the interaction 
between the strong protein dipole moment and the Charge distribution at 
the surface. For the case of SiCh, an average attraction interaction 
(negative forces) is observed at all pH values, with an increased attraction 
and clearer dipole orientation while the pH increases and the surface 
become more and more negative.
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On TiÜ 2 , on the other hand, repulsion is predicted at pH values lower than 
the surface IEP (6.0), whereas attraction takes place only at pH 7.4 and
8.0. Note also the inversion of the dipole moment in the most attractive 
(or least repulsive) protein orientation in passing from pH 5.0 to pH 7.4 
(Figure 10.10, left). At pH 8 , in the most attractive orientation the protein 
faces the surface with its two a-helix motifs, and the enzymatically active 
site points sideways with respect to the surface normal.

Figure 10.10 (left) Predicted most attractive orientations of Chymotrypsin over S i0 2 and T i0 2 

at different pH values. The molecular dipole moment is shown as an orange arrow. 
(right) Force-height profiles calculated in implicit solvent for 36 different orientations at each 
pH value. The averages over all orientations are drawn with the bold colored lines and the 
Standard deviations are represented with semitransparent colored regions. Negative values 
define attractive forces. The height is defined as the distance in the surface normal direction 
between the highest surface atom and the lowest protein atom.

The maximum attractive forces are experienced by the protein at pH 8  at 
a height of about 1.5 nm over either surface. It has to be stressed that 
these calculations only take into account the DLVO interactions in a 
continuum-solvent approximation, and that further protein approach to
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the surface below 1.0 nm is strongly mediated by the structuring of the 
water molecules in surface proximity166,221,241. At this stage it can be only 
concluded that long-range DLVO attraction is clearly evident at the larger 
pH values, which agrees with the measured trend of the adsorbed protein 
amount (Figure 10.8), and that stronger attraction is experienced over 
Si0 2 , which instead does not correlate with the experimental observation. 
The interaction profiles over TiC>2 are less deep and more narrow  
compared to Si02. One can thus expect an easier reorientation of 
Chymotrypsin over Ti02 because of a less distinct force dependence of the 
orientation.

This was indeed confirmed by analyzing the relative energy changes upon 
rotation of the proteins around two independent axes at the constant 
height of 1.0 nm (Figure 10.11). Here, at all considered pH values a belt- 
like feature in the diagram can be observed, which corresponds to an 
orientation of the molecular dipole normal to the surface (in either 
direction), as discussed in detail in Hildebrand et a l.166. This interaction 
pattern is less distinct for sm aller pH values. In the energy diagram, the 
attraction or repulsion forces are shown with the small black arrows. The 
differences in the relative energy upon molecular reorientation are about 
24 kcal m ol'1 over SiÜ 2 and 12 kcal mol"1 over Ti02.
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Figure 10.11 Calculated relative energy changes associated with rotation of Chymotrypsin at 
a height of 10  A  over the surfaces for (left) S i0 2 and (right) T i0 2, for four different pH values. 
The superimposed arrows represent the force values (downward for attractive, upward for 
repulsive forces).
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10.3.7 Interaction forces for Chymotrypsin multi-layers

While the previous section has dealt with the case of a single protein 
approaching the surfaces, we consider here the presence of a pre- 
adsorbed protein monolayer, thus explicitly taking into account protein- 
protein interactions (Figure 10.12). A first calculation was performed 
evaluating the relative energy changes associated with the reorientation of 
one protein within a pre-adsorbed protein monolayer (Figure 10.12a) with 
a density of 0.034 molecule nm "2  (corresponding to a theoretical end-on 
monolayer, see Figure 10.8). Here, the protein height is fixed at 0.3 nm, 
and the map of energy changes obtained upon rotation around two axes is 
reported in Figure 10.12b for the representative case of S i02. A visually 
almost identical map was obtained for T i02. Starting from the most 
attractive adsorption orientation predicted for single proteins (at x = y = 
0 ), rotation in any direction is associated with an energy increase, and an 
energy maximum is obtained for the molecular dipole pointing in the 
opposite direction (x = 180 y= 0; or x = 0, y = 180). The maximum is 
30 kcal mol' 1 higher than the minimum for the case of S i0 2 and 
20 kcal mol" 1 higher than the minimum for the case of T i02. This suggests 
that, in spite of the parallel arrangement of the molecular dipoles, in the 
most favorable configuration within a monolayer all proteins are oriented 
in the same way, with their a-helices pointing towards the surface.

A second calculation was then performed to evaluate the force-distance 
profile associated with the approach of a single Chymotrypsin molecule 
towards an already present protein monolayer either adsorbed on the two 
surfaces (Figure 10.12c), or suspended in solution, as a reference. The 
resulting profiles averaged over 36 different protein orientations (Figure 
1 0 .1 2 d) revealed that repulsion is predicted in the absence of an 
underlying surface, thus suggesting no favorable driving force for 
spontaneous formation of protein agglomerates in solution. However, 
attraction is predicted for a monolayer on either S i0 2 or T i02, as a 
consequence of the strong interaction exerted by the surface, which is not 
completely shielded by the presence of an adsorbed monolayer. Also in 
this case, attraction is slightly stronger for the case of S i0 2 and the most 
attractive protein orientation is as in the pre-formed monolayer.
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A r
Start configuration 

After 300 ns

Figure 10.12 Driving force for the formation of protein multilayers on S i0 2 and T i0 2. (a) 
Atomistic representation of an end-on monolayer at the density of 0.034 ± 0.001 molecules 
per nm2. The red circle marks a protein which is rotated along two axis (x and y), giving rise 
to the energy map in (b). The force profiles calculated for an additional protein (c) interacting 
with the monolayer in the absence (green curve) or in the presence of surfaces (blue and 
grey curves) are shown in (d). Here, a height of zero is defined when the highest monolayer 
atom and the lowest atom of the additional protein are at the same height in the direction of 
the surface normal, (d) and (e) show the initial and final configurations of a protein double 
layer (0.077 protein molecules nm'2) on T i0 2 in an explicit-solvent MD Simulation lasting 300 
ns. (f) and (g) are schemes showing the protein positions in the double layers corresponding 
to (d) and (e).

To confirm that the attractive interactions may in fact lead to adsorption 
beyond one monolayer, a Molecular Dynamics Simulation in explicit water 
solvent was performed starting from a double-layer configuration with 
randomly oriented proteins (Figure 10.12d,f). After 300 ns of Simulation, 
we observe two mayor trends: first, on both surfaces the proteins 
collectively move closer to the surface and form a more compact layer. 
Second, the individual proteins rotate towards the most-attractive 
orientation presented in Figure 10.10 (left). In some cases, rotation is 
hindered by close protein-protein contacts which remain stable for the 
whole Simulation time (Figure 10.12e,g).
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10.3.8 Explicit-solvent MD simulations of Chymotrypsin 
adsorption on TiOz and Si0 2

To analyze the atomistic details of the protein approach and adsorption on 
the two surfaces, we have performed MD simulations in explicit solvent at 
pH 8  following Hildebrand et al.166. In the input structures, the protein is 
placed at a height of 10 Ä in arbitrary orientations (Figure 10.13). During 
the simulations, the protein spontaneously adsorb on the surface after 
about 5 ns and find a stable adsorption configuration, undergoing a 
rotation towards the most favorable orientation predicted by the implicit- 
solvent calculations (cf. Figure 10.13a,b with Figure 10.10). The 
simulations are stopped after 50 ns.

Figure 10.13 (a,b) Initial (green arrow) and final (orange arrow) Chymotrypsin orientations 
upon adsorption on (a) S i0 2 and (b) T i0 2 obtained in MD simulations in explicit water solvent, 
(c-d) Contact analysis of the protein residues for S i0 2 (c) and T i0 2 (d). The color code 
represents positively charged amino acids (blue) and polar amino acids (green). (e,f) Contact 
analysis for the surface residues of (e) S i0 2 and (f) T i0 2. The percentages reported at the 
right side of each subfigure indicate the occupancies over time after the first contact (marked 
with a bold black bar). Groups forming contacts for less than 10 % of the time are not shown.

The evolution of the protein-surface contacts during the Simulation is 
shown in Figure 10.13c-f. Here, a protein-surface contact is defined if the 
distance between one atom of the surface and one atom of the protein 
becomes less that 2.4 Ä. For both surfaces, the most frequent binding 
motifs of the protein are the positively charged amino acid lysine as well
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as the polar amino acid threonine (Figure 10.13c-d). The most common 
surface sites involved in the contacts are terminal OH groups both on Si02 
and TiC>2. Deprotonated silanol groups play a very important role on SiC>2, 
whereas deprotonated O sites on T i0 2  are much less frequently involved. 
Neutral 0  sites are also present in the analysis, in larger proportion on 
TiC>2 than on S iÜ 2 (Figure 10.13e-f). These differences could have their 
origin in the larger density of negatively charged surface groups present 
on silica, and are likely to influence the protein adsorption modes.

Figure 10.14 (Left) Initial configurations of steered MD simulations of Chymotrypsin pulled 
over the S i0 2 and T i0 2 surfaces. (Right) Time evolutions along the corresponding trajectories 
of the constrained force, the cumulative work, the angle of the dipole moment to the surface 
normal and its time derivative (from top to bottom in each panel) for S i0 2 (top) and T i0 2 

(bottom). The protein is pulled in each case along the <100> and <010> directions of the 
Simulation box.

Differences in the adsorption behavior of the two proteins may also be 
related to their mobility after adsorption. To investigate this issue, we 
performed steered MD simulations in explicit solvent, in which the 
previously adsorbed protein is pulled parallel to the surfaces by means of 
a harmonic constraint applied to its center of mass (Figure 10.14). The 
pulling velocity is 0.5 m/s and the constraint force-constant is 1000 kJ 
mol"1 nm '2. Two perpendicular pulling directions were chosen to alleviate 
direction-dependent effects, namely the <100> and <010> directions of
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the Simulation box, We stress that in these simulations the proteins are 
free to roll and/ or slide over the surface, and even to desorb, since no 
constraint over the Position, but only the velocity, of their centers of mass 
is applied.

The protein/ surface contacts formed during these simulations (see Figure 
10.15) correspond to a large extent to those reported in Figure 10.13, 
with the exception that on SiC>2 more amino acid types (including 
hydrophobic ones) are involved in surface binding. More interesting, 
however, is the analysis of the rolling/ sliding behavior of the protein over 
the two surfaces, as reported in Figure 10.14.

Tim« [ns] Tim« [ns]

Figure 10.15 (lett) Initial position of Chymotrypsin pulled with its center of mass along the 
<100> and <010> directions of the Simulation box over the silica (a) and the titania (b) 
surfaces. (middle) contact analysis of the protein residues for (b) S i0 2 and (e) T i0 2. (right) 
contact analysis for the surface residues of S i0 2 (e) and T i0 2 (f); The percentages reported 
at the right edge of each subfigure indicate the occupancy over the time after the first contact 
is formed. This is marked with a bold black bar. All groups forming a contact for less than 
3 % of the time after the first contact are not shown.

The force required to pulling the whole protein over the surface and the 
associated cumulative work are slightly larger for the Si0 2  surface. 
Especially in one Simulation (pulling along <100> on TiC>2), the smaller 
force and work result from tem porary desorption of the protein between 5 
and 15 ns. A  striking difference lies in the fact that the protein tends to 
roll over Si02, while it tends to slide over T iÜ 2. This is visible from the 
evolution of the angle between the molecular dipole moment and the
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direction normal to the surface and especially from its time derivative, as 
shown in Figure 10.14. For SiC>2, the angle varies more continuously 
towards sm aller and sm aller values, and the angle derivative is most of 
the time negative, indicating progressive rolling. This is noteworthy if one 
takes into account that rotation of the dipole is associated with a 
considerable amount increase of potential energy (see Figure 10.12a-b). 
For TiC>2 the derivative of the angle tends to oscillate around zero, 
indicative of predominant sliding.

Further differences in the adsorption mode of Chymotrypsin on the SiC>2 

and TiC>2 surfaces are highlighted through the calculation of the radial 
distribution function (RDF) between selected pairs of all atoms of the 
surface, the water solvent and the protein (Figure 10.16). Water 
molecules are known to form shell-like structures around hydrophilic 
surface terminal groups166. The RDF of water around all surface atoms 
shows a less distinct structuring on Si02 (Figure 10.16 top left) compared 
to the very evident structuring in two hydration layers on T i0 2 (Figure 
10.16 top right).
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Figure 10.16 Radial distribution function (RDF) of selected pairs of atoms for Chymotrypsin 
adsorbed and puiied over S i02  (left) and T i02  {right). (Top) surface-water RDF. (Middle) 
surface-protein RDF, separating the contributions of hydrophilic and hydrophobic residues. 
(bottom) RDF between positively charged amino acids with negatively charged surface sites.
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As far as the protein is concerned, the RDF shows that hydrophobic 
residues are in close contact (within the first 4 Ä) to the surface in the 
case of silica, whereas only hydrophilic residues are in direct contact with 
titania. Interesting is the small peak of the SiC>2 protein-surface RDF at 
about 1.5 Ä, i.e. before the first peak of the water-surface RDF (at 1.8 Ä), 
indicating that som e protein residues are able to deeply penetrate the first 
hydration layer and very tightly bind to surface sites. As already shown by 
the tem porary evolution of the contacts (Figure 10.13), the positively 
charged lysine and arginine residues are abundantly present close to 
deprotonated silanol groups on SiCh, and present only to a minor extent 
around deprotonated bridging oxygen on TiC>2.

10.4 Discussion and conclusions

Motivated by the need to optimize the conditions leading to maximum  
adsorption of Chymotrypsin on colloidal ceramic supports, we have 
performed a comparative study of the adsorption features of the protein 
on highly pure S i0 2  and T i0 2  colloidal particles combining adsorption 
experiments with all-atom MD simulations. The analysis has revealed 
some common features, such as the same preferred adsorption 
orientation on the two materials at neutral and basic pH driven by 
interaction of the negatively charged surfaces with the strong protein 
dipole mom ent (Figure 10.10). Moreover, a nearly equal free energy of 
adsorption in the low-concentration limits (about -35 kJ/mol) was 
estimated by the Langmuir adsorption isotherm analysis (Figure 10.9). 
However, a num ber of differences have been also identified, which we 
believe to be responsible for the experimentally observed larger amount of 
adsorbed proteins found on TiCh than on S i0 2 (Figure 10.8 and Figure 
10.9).

Anchoring to the Si02 surface (IEP ~ 2.7) takes place mostly via positively 
charged amino acids that interact with both neutral and deprotonated 
silanol groups. However, also other neutral polar and even hydrophobic 
residues contribute to frequent and tight surface-protein contacts (see 
Figure 10.13 and Figure 10.16, and 166). Anchoring to the TiC>2 surface 
(IEP ~ 6.6), which presents a sm aller density of deprotonated sites at the 
pH values relevant to adsorption (7.4 and 8.0), is rather dominated by 
neutral terminal OH and bridging O sites, although involving almost
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exclusively positively charged amino acids. We believe that the distinct 
structuring of the surface hydration layers in which the amino acids are 
embedded (see Figure 10.16) effectively com pensates for the absence of 
direct ionic interactions between protein and surface, so that, overall, the 
free energy of binding to either surface is nearly the sam e. Different, 
however, is the ability of the protein to diffuse over the surface once 
tightly adsorbed. Our steered MD simulations (Figure 10.14) reveal that 
Chymotrypsin can easily slide over the T iÜ 2 surface, and even temporarily 
desorb and adsorb again at a farther site. On the contrary, no tem porary 
desorption is observed from the S iÜ 2 surface, also consistently with the 
larger attraction forces predicted by our static calculations (Figure 10.10). 
In this case, rupture of the tight surface-protein contacts only takes place 
if new contacts are concomitantly formed, resulting in a predominant 
rolling behavior. A  change of the dipole orientation due to rolling, in turn, 
is associated with a considerable energy loss (see Figure 10.11 and Figure 
10.12a-b), so that diffusion over the Si0 2  surface is expected to be more 
hindered than diffusion over the T iÜ 2 surface.

Considering these argum ents, it is possible to rationalize both why a 
larger maximum adsorption am ount is reached on Ti02 (Figure 10.8 and 
Figure 10.9) and why reaching the maximum adsorption am ount is slower 
on S iÜ 2 (Figure 10.8), so that adsorption equilibrium is obtained only after 
20 h of incubation. While our simulations clearly show that at least a 
double m onoiayer is energetically stable on either surface (Figure 10.11), 
its actual formation relies on diffusion of pre-adsorbed proteins to 
accommodate new ones from the solution. This process is probably easier 
on T iÜ 2 because of the observed more favorable diffusion mobility.

A  crucial point to consider in the analysis of the protein adsorption amount 
is the normalization with respect to the available surface area of the 
particles. Traditionally, the particle surface area is measured by means of 
N2 adsorption at low tem perature and fitting of the data with the BET  
adsorption isotherm33, 36, 106, 242. The so-obtained SAAbet therefore 
represents an N2-accessible surface, which includes the cavity walls of 
micropores (with diam eters of the order of 2 nm or smaller) possibly 
present on the particle surfaces. Such pores are not accessible by 
Chymotrypsin, which has a diam eter of about 5 nm (Figure 10.1). Notably, 
reports about the presence of microporosity in Stöber silica are not 
uncommon237' 238. Because of this reason we have also normalized the 
experimental data with respect to a here-defined Protein Accessible Area,
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estimated from a geometrical analysis of the particles imaged by SEM  
(PAAsem). In doing this, the difference in the maximum protein amount 
adsorbed on TiC>2 and Si02 is reduced from a factor of 3 to a factor of 1.5. 
This is more consistent with the rather subtle differences in the adsorption 
behavior observed in the MD simulations. Moreover, only after PAAsem 
normalization do the data suggest formation of a double protein 
monolayer also on Si02. Instead, the SSAbet normalization would predict 
formation of barely a single m onolayer (Figure 10.8), in striking contrast 
with the driving force for double m onolayer formation emerging from all 
simulations.

The presence of m icropores in the employed SiC>2 particles would easily 
explain the much larger amount of adsorbed water with respect to Ti0 2  

(Figure 10.4), and also the hysteresis observed in the water 
adsorption/ desorption curves, which could be caused by trapping of water 
molecules within the micropores due to steric and capillary effects. 
Notably, the adsorption isotherm of heptane (a larger molecule that 
probably does not enter into the sm aller micropores) reveals slightly 
reduced adsorption on Si02 with respect to TiC>2 and no appreciable 
hysteresis.

We finally note that a precise determination of the surface area accessible 
to protein adsorption is also complicated by the tendency of the particles 
to form agglomerates, especially in the case of T i0 2, which is less charged 
at neutral pH and presents a larger Hamaker constant than SiC>2. 
Agglomeration also prevents the use of DLS radii to estimate the actual 
size (and thus the surface area) of the particles. Therefore, a careful 
pretreatment with ultrasound is absolutely necessary prior to each 
incubation and adsorption study, and the possibility of re-agglomeration 
needs to be taken into account when performing experiments with long 
incubation times.

Future studies shall focus on the conformational changes that the protein 
may undergo after adsorption, and m ay severely influence its enzymatic 
activity105' 134. Also in this case, a combination of experimental studies 
(e.g. by means of circular dichroism spectroscopy) and molecular 
dynam ics simulations would be desirable in order to achieve a 
com prehensive description of the protein's behavior at the atomic scale.
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10.6 Appendix: Circular dichroism studies

Possible structural changes of free Chymotrypsin after contact with 
colloidal particles via CD spectroscopy measurements were monitored. 
Incubations with Chymotrypsin solutions (start concentrations of 
Chymotrypsin incubation: 0.13, 0.39 and 0.44 mg mL'1) were carried out 
as described in Chapter 10.2.5. After 20 h at pH 8 , the collected 
supernatants and Chymotrypsin reference solutions without colloidal 
particles were used for CD measurements using Chirascan™ Spectrometer 
(Applied Photophysics Ltd, UK) equipped with a temperature control to 
determine possible structural changes. Quartz cuvettes with path length of 
0.01, 0.5 and 0.1 cm were used (Hellma® Analytics, Germany). ddH20  
blanks with adjusted pH and conductivity as previously described were 
used to set the baseline. Far-UV spectra were collected between 185 and 
240 nm in 0.5 nm intervals, using a 1 nm bandwidth and 0.5 s time per 
point. All measurements were performed at room temperature at 25 °C. 
The raw CD Signal, 0, was converted to mean residue ellipticity using the 
equation dmw = 9/ (10CrJ), where Cr represents concentration (units = 
M * residue number) and / is the cuvette path length243. The same 
supernatants were also used to obtain the Chymotrypsin concentration and 
the enzymatic activity as previously described.

Several studies discuss surface induced structural changes of protein 
molecules being adsorbed on particles and solid surfaces106,184,185,244‘248. 
The effect on the activity due to structural changes cannot be addressed 
here, but the stability of Chymotrypsin under experimental conditions work 
out in this study should be examined. In experiments, circular dichroism 
spectra can offer possible structural perturbation caused by colloidal

135

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


particles. The CD experiments are carried out using the same 
experimental conditions as for the concentration-dependent activity 
experiments. Chymotrypsin concentrations of 0.13, 0.39 and 0.44 
mg mL ' 1 have been used to measure the CD spectra.

In the interest of showing the largest possible difference or not, 
measurements are performed after 20 h incubation at pH 8  at the three 
protein concentrations. For the analysis of CD experiments the changes of 
mean residue ellipticity are investigated137. The differences between the 
Chymotrypsin reference without colloidal particles at start and after 20 h 
are negligible for all initial concentrations (Figure 10.17) and it could be 
assumed that no structural changes occurs during 20 h incubation at pH 8  

without any colloidal particles. Two negative bands approximately 202 nm 
and 228 nm, and a positive band approximately 190 nm are observed, 
which indicates the a-helix and the ß-sheet content and confirms a well- 
known structure of native folded Chymotrypsin115. The low helix content of 
Chymotrypsin is also determined from studies in the crystal249. 
Additionally, a histidine residue may also contribute to the band 
approximately 228 nm250.

After incubation with the particles, several changes in the mean residue 
ellipticity are measured for Chymotrypsin on both particle species. The 
positive band completely disappears for the samples with Si0 2  and TiC^for 
all protein concentrations. For the ränge between 215 and 240 nm the 
curve approximates the zero line for both materials at all investigated 
Chymotrypsin start concentrations. Normally, there is also a very low 
ellipticity above 210 nm, which is not the case here. The curve shape is 
typical for disordered proteins with a negative band near 195 nm115. 
However, the complete absence of the two negative bands approximately 
202 and 228 nm, and the positive band approximately 190 nm, as shown 
for the reference samples, are distinct evidences for significant structural 
changes and indeed further careful analysis addressing conformational 
changes and their effect on the activity of adsorbed Chymotrypsin are 
necessary in future works.
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Figure 10.17 Mean residue ellipticity of Chymotrypsin at Chymotrypsin start concentration of 
0.13 mg mL'1 (a), 0.39 mg mL'1 (b), and 0.44 mg mL'1 (c). Chymotrypsin solutions at 
indicated start concentrations were incubated without or with 0.9 vol % of S i0 2 and T i0 2 
particle suspensions at pH 8 for 20 h. After centrifugation, the supernatant was used to 
determine the concentration of Chymotrypsin and to measure a row C D  spectroscopy Signal. 
Using these data the mean residue ellipticity of Chymotrypsin was calculated. The data 
shown represent means ± SD  of values obtained in 3 independent experiments.

For the technical use of biofunctionalized particles as carrier systems for 
biological devices, not only the highest possible amount but the presence 
of active enzymes is the ultimate goal. In this chapter, no analysis of the 
activity of the adsorbed enzyme is presented but the structural stability of 
the protein under the suggested optimal experimental conditions was 
investigated by CD measurements. Unfortunately, significant changes in 
the CD spectra indicate changes in the activity of Chymotrypsin. In the 
preferred orientation of the protein, identified by simulations, the two 
helix motifs in Chymotrypsin were always facing the surfaces. The loss of 
the band in the ränge between 215 and 240 nm in the measurements 
performed in this work matches very well with the observing from 
Zoungrana et a l . 1 06 found a loss of the band at 222 nm and could indicate 
the loss of the helical structures. These changes in the secondary
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structure were marked for only slightly changes in the enzymes activity106  

and would not exclude the system from Professional use. In addition, the 
shift to negative values at 195 nm indicates a loss of the defined 
secondary structure motifs at all. The CD measurements have been 
performed at protein concentrations of up to 0.44 mg ml' 1 being four 
times smaller than the evaluated Saturation concentration of 2 mg mL"1. 
Zoungrana et a l . 1 06 and Norde et a l . 3 6  stated a conformational stability to 
be higher with higher surface coverage. Further elaborating CD and 
activity measurements at Saturation concentration conditions would be 
necessary to really satisfy this question. Nevertheless, smaller sized 
particles are needed to directly measure the possible structural changes of 
adsorbed enzymes via CD measurements as no Sedimentation processes 
are allowed during the CD measurements.

10.7 Source

This chapter was adapted from:

Derr L., Hildebrand N., Koppen S., Kunze S., Treccani L., Dringen R., 
Rezwan K., and Colombi Ciacchi L.,; Physisorption of a-chymotrypsin on 
SiÜ 2 and Ti0 2 : a comparative study via experiments and molecular 
dynamics simulations. A Journal of Biomaterials and Biological Interfaces, 
Biointerphases 11, 011007, 2016 ; License numbers: 3841321115371 & 
3841321387875.
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The article is mainiy based on the work of the first author and author of 
this thesis Ludmilla Derr. The precise contributions of each single author 
are listed below. All the used literature references are summarized in 
Chapter 14.

Author Contribution

Ludmilla Derr Conceptualization of work, planned and performed adsorption and 
enzymatic activity experiments, carried out the preliminary 
investigations via circular dichroism measurements, performed 
characterization analysis on all samples, interpreted and 
discussed data, wrote manuscript

Nils Hildebrand Performed and supervised the simulations and analysis of 
simulations, and helped in manuscript evaluation

Susan Koppen Gave conceptual advices, discussed data, edited manuscript

Simon Kunze Performed simulations (bachelor thesis, HMI Group, University of 
Bremen, Germany)

Laura Treccani Gave conceptual advices, discussed data, edited manuscript

Ralf Dringen Gave conceptual advices, discussed data, edited manuscript

Kurosch Rezwan Gave conceptual advices, discussed data, edited manuscript

Lucio Colombi Ciacchi Coordinated the work, contributed to plan the simulations and 
interpret all results, co-wrote the manuscript
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11 Assessment of the proteolytic activity of a- 
chymotrypsin immobilized on colloidal 
particles by matrix-assisted laser desorption 
ionization time-of-flight mass spectroscopy

ABSTRACT: The immobilization of enzymes onto solid materials is a 
promising strategy in biotechnological applications and proteomics. It can 
improve the enzymes' stability, and enables a more convenient handling, 
easy Separation from the reaction solution and cyclic reuse of the 
enzymes. In order to investigate the proteolytic properties of a partide- 
bound protease, Chymotrypsin was covalently immobilized onto Si02 and 
AI2O3 colloidal particles. The enzymatic activity of the bound Chymotrypsin 
at different times, in consecutive proteolytic cycles and after storage up to 
several weeks was investigated by MALDI-ToF MS. In this way, the 
proteolysis products could be identified without using artificial protease 
substrates or intermediate chemicals. Lysozyme was used as model 
protein to perform enzymatic digestion using immobilized Chymotrypsin 
and the peptides generated from the proteolytic digestion were 
determined. Compared to the activity of Chymotrypsin applied for the 
immobilization reactions, more active Chymotrypsin was bound to AI2O3 
(between 1 and 10 % of the initial concentration) than to S1O2 (below
1 %) colloidal particles. Compared to an excess of unbound Chymotrypsin, 
the digestion of lysozyme was slower with Chymotrypsin immobilized on 
colloidal particles and only 60 % of the maximal amounts of lysozyme 
peptides were detected. The proteolytic activity of Chymotrypsin 
immobilized on colloidal particles was maintained during storage at room 
temperature for up to at least seven weeks, while it was lowered during 
consecutive digestions.

11.1 Introduction

Due to their catalytic properties and high selectivity enzymes have been 
used since many years in numerous biotechnological applications and for a 
variety of chemical reactions, especially requiring mild Processing 
conditions251'254. As the employment of free enzymes is often hampered 
by difficult recovery, lack of long-term stability and cyclic reusability, 
enzyme immobilization onto solid supports is considered a promising
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strategy to overcome these main drawbacks17. Immobilization of the 
enzyme onto inorganic supports such as polymers, magnetic nanoparticles 
or metal oxides180 enables a more convenient handling of the enzyme, 
facile product Separation, prevention from autolysis or auto-digestion and 
may be beneficial to maintain or increase enzyme stability under both 
operation and storage conditions255. All these aspects have made enzyme 
immobilization particularly attractive for downstream processes or 
proteomic analysis256, 257. In several studies, three main factors 
influencing the performance of immobilized enzymes have been identified: 
1) the properties of the enzyme, 2) the immobilization method employed 
and 3) the properties of the support material7,16'18.

For example, phosphorylated pepsin immobilized on alumina nanoparticles 
showed high thermal stability and retained a very high enzymatic activity, 
also because of the diffusion of the substrate to the active site was not 
limited as a consequence of the immobilization process178. Limited 
substrate diffusion was instead observed for pepsin immobilized inside the 
pores of microsized porous alumina, causing decreased accessibility for 
the substrate hemoglobin178. In addition, multipoint covalent attachment 
of Chymotrypsin by linking its amino groups to agarose-aldehyde gels 
caused a 60,000-fold increase in enzyme availability, associated with a 
loss in enzymatic activity of only 35 %181. A strong reduction of the 
autolytic cleavage of Chymotrypsin has been recently observed when the 
enzyme was immobilized onto magnetic bead cellulose182.

Despite the significant attention paid to the development of enzyme 
immobilization strategies on various supports, a major challenge in this 
field is the scarce availability of reliable methods enabling a direct 
characterization of enzyme activity and overall enzymatic performance at 
different operation and storage conditions258'261.

In this study we investigate at a semi-quantitative level the enzymatic 
catalytic activity of Chymotrypsin covalently immobilized on alumina and 
silica colloidal particles. Apart from being affordable and highly available, 
these materials feature high chemical and thermal stability and are of 
particular relevance for many medical and biotechnological applications2, 
motivating their use as model substrates. Chymotrypsin is covalently 
immobilized by amine coupling via reactive esters. This straightforward 
technique is suitable for covalently linking biomolecules at mild reaction 
conditions to hydrophilic solid surfaces2. The immobilization efficiency, the
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enzymatic activity and stability and the potential reusability of immobilized 
Chymotrypsin are investigated at different operation and storage 
conditions by matrix-assisted laser desorption/ ionization time-of-flight 
mass spectrometry (MALDI-ToF-MS) after lysozyme digestion. Our 
approach does not follow specific enzymatic activity protocols262 and is 
thus of great advantage as a relatively rapid and feasible tool for 
proteomic studies and diverse biotechnological applications, at the 
expenses perhaps of a more precise quantification, which is not in the 
main focus of the present work.

11.2 Materials and methods 

11.2.1 Materials

The a-alumina colloidal particles (> 99.99 % wt, Taimei, TM-DAR, lot. no. 
8086) were purchased from Krahn Chemie GmbH (Germany). Silica 
colloidal particles (> 99.9 % wt, lot. no. 100618-02) were obtained from 
Fiber Optic Center (New Bedford, USA). Lyophilized a-chymotrypsin type
II from bovine pancreas (94.1 % wt, 65.622 units mg'1 protein, lot. no. 
60M7007V), lysozyme (> 90 % wt, > 40000 units mg"1 protein, lot. no. 
SLBG8654V), (3-aminopropyl)triethoxysilane (98 % wt, lot. no. 
BCBH2173V), N-hydroxysuccinimide (97 %, lot. no. BCBB3130), and 
a-cyano-4-hydroxycinnamic acid (98%, lot. no. 81K3720) were obtained 
from Sigma-Aldrich (Germany). The l-Ethyl-3-(3-dimetylam inopropyl)- 
carbodiimide (lot. no. ML164683) was purchased from Thermo Fisher 
Scientific Inc. (Germany). Ammonium bicarbonate buffer (lot. no. 
171166396) was obtained from Carl Roth (Germany). Dithiothreitol (lot. 
no. L1610611) and iodoacetamide (lot. no. 398265A) were purchased 
from Bio-Rad (Germany) and GE Healthcare (Germany), respectively. All 
other chemicals were obtained from Fluka (Switzerland) or Merck 
(Germany) at analytical grade. For all solutions, double deionized water 
(ddH20) with a conductivity of 0.04 pS cm"1 produced by a Synergy 
system (Synergy, Millipore GmbH, Germany) was used.
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In order to remove any organic residues, alumina and silica colloidal 
particles were calcinated at 400 °C for 4 h with a heating and cooling rate 
of 3 °C min'1 (oven L3/11/S27, Nabertherm GmbH, Germany). The 
particle size was determined by dynamic light scattering (DLS, Microtrac 
UPA150, Grimm Labortechnik, Germany) and the specific surface area was 
measured by nitrogen Volumetrie adsorption using a BELsorp-mini II 
device (BEL Japan, Japan). The ^-potential measurements were performed 
in 1 vol % aqueous suspensions of alumina or silica colloidal particles 
using the electroacoustic colloidal Vibration current technique (Acoustic & 
Electroacoustic Spectrometer DT-1200, Dispersion Technology, USA) as 
described previously118. Alumina or silica colloidal particles suspensions 
were titrated using 1 M KOH or 1 M HCl to measure the ^-potential as a 
function of pH and to determine the IEP. The quantity of hydroxyl groups 
present on the surface of the colloidal particles was determined by 
titrations according to Hidber using a titrator (TIM840, HACH LANGE 
GmbH, Germany)158, 159. Particle size, specific surface area, isoelectric 
point and Charge exchange capacity of alumina and silica colloidal particles 
before immobilization are given in Table 11.1. Comprehensive particle 
characterization using SEM and TEM techniques has been performed in 
previous work from our group158, 263.

11.2.2 Characterization of alumina and silica colloidal particles

Table 11.1 Properties of alumina and silica colloidal particles3

Silica Alumina n
Property

colloidal particles colloidal particles

Particle size (nm) 160 ± 1 159 ± 7 3

Specific surface area (m2/g) 34.0 ± 0.3 12.8 ± 0.1 3

Isoelectric point (IEP) 2.74 ± 0.14 9.87 ± 0.05 5

Exchange capacity (OH/nm2) 4.9 ± 0.2 2.8 ± 0.2 3

3 The data represent means ± SD of values that were obtained in n experiments.

143

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


Aqueous suspensions of alumina and silica colloidal particles were 
prepared by mixing 15 g of particles with 50 ml of ddh^O, sterilized by 
autoclaving for 15 min at 121 °C and 2.05 bar (Systec 2540ELV, Systec, 
Germany) and afterward ultrasonicated for 10 min using an ultrasound 
sonotrode Sonifier® 450 (output 150 W, pulse rate 0.5 s, Branson, USA) 
to break down particle agglomerates prior to precursor addition. Precursor 
solutions were prepared by mixing (3-aminopropyl)triethoxysilane with 50 
ml of ddH20 to a final concentration of 0.1 M (corresponding to a surface 
coverage of 26 |jmol m"2 silane molecules normalized to the specific 
surface area of the unmodified alumina colloidal particles which is 
12.8 m2 g '1 from our measurements. At this precursor concentration, a 
maximal shift of the particle IEP and formation of 3.4 amino groups per 
nm2 for alumina colloidal particles is obtained as shown in our previous 
publication158.

Taking into account the specific surface area of silica colloidal particles 
(Table 11.1), (3-aminopropyl)triethoxysilane was added to a final amount 
of 0.3 M to generate an equal amount of amino groups on the silica 
surface. The precursor solutions were then added to the particle 
suspensions and stirred for 2 h at room temperature. Afterward, alumina 
and silica colloidal particles were centrifuged for 30 min at 1500 g 
(Heraeus Megafuge 16, Fisher Scientific, Germany). The supernatant was 
discarded and the particles resuspended in 100 mL of ddH20. This washing 
procedure was repeated three times to remove any excess of precursors. 
The particles were subsequently dried at 70 °C for 24 h by using a 
compartment dryer (UT6120, Heraeus Instruments, Germany).

For Chymotrypsin immobilization (see Figure 11.1), suspensions of 
functionalized alumina and silica colloidal particles were prepared 
considering the different values of specific surface area at the 
concentrations of 80.40 mg mL"1 for alumina and 30.27 mg mL"1 for silica, 
which correspond to 2 vol% and 1.2 vol%, respectively and sonicated 
prior to Chymotrypsin addition. 310 |jL Chymotrypsin solution 
(2.68 mg mL'1) were mixed with 200 |j L freshly prepared l-ethyl-3-(3- 
dimetylaminopropyl)carbodiimide solution using ddH20 (10 mg mL'1). 
500 |jl of a-alumina or silica suspension were added to this mixture and 
mixed.

11.2.3 Chymotrypsin immobilization on alumina and silica
colloidal particles
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Figure 11.1 Detailed mechanism of colloidal particle functionalization with Chymotrypsin via 
linking with 1-ethyl-3-(3-dimetylaminopropyl)carbodiimide and N-hydroxysuccinimide. The 
activation of 1-ethyl-3-(3-dimetylaminopropyl)carbodiimide results in an O-acyl-isourea 
intermediate, which can bind to the previously amino-functionalized particles (route A), but is 
prone to hydrolysis. The addition of N-hydroxysuccinimide leads to the fast formation of a 
N-hydroxysuccinimide ester and subsequent stable reaction with amino-functionalized 
colloidal particles (route B).

Afterward, 100 pl N-hydroxysuccinimide solution in ddhhO (3 mg mL"1) 
were added to the colloidal particles suspensions, stirred for 2 h at room 
temperature. Colloidal particles with immobilized Chymotrypsin were 
centrifuged for 20 min at 21100 g (Heraeus Fresco 21 centrifuge, Fisher

145

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


Scientific, Germany). The supernatant was discarded and the particles 
were resuspended in 1 mL of ddh^O. This washing procedure was 
repeated three times to remove any possible by-products.

11.2.4 Proteolysis test by MALDI-ToF-MS measurements

Lysozyme was used as a substrate and digested by immobilized 
Chymotrypsin over night at 37 °C in 400 mM ammonium bicarbonate 
buffer (pH 8), at a theoretical Chymotrypsin/ lysozyme (wt/ wt) ratio of 
1/13 using 10 |j L of Chymotrypsin immobilized on colloidal particles 
assuming that 100 % of used Chymotrypsin had been immobilized. During 
incubation, all samples were shaken at 1400 rpm at a shaker 
(Thermomixer Comfort, Eppendorf GmbH, Germany) to avoid 
Sedimentation of the colloidal particles and to assure continuous mixing of 
substrate and enzyme. Before digestion, lysozyme was reduced with 
45 mM dithiothreitol at 50 °C for 15 min and then alkylated with 100 mM 
iodoacetamide at room temperature for 15 min to improve accessibility of 
the lysozyme cleavage sites264. The digestion was stopped by freezing the 
solution with liquid nitrogen for 30 seconds. As positive Controls for 
Chymotrypsin immobilized on colloidal particles, in-solution-digests of 
lysozyme with unbound Chymotrypsin were performed, while unmodified 
colloidal particles and lysozyme were used as negative Controls.

Samples from the digestion were taken at different times (5 minutes, 1 h,
2 h, 3.5 h, 5 h, 22 h, 23 h, 24 h, 25.5 h and 27 h) to probe the time 
dependency of the proteolytic process. To test the reusability of 
Chymotrypsin immobilized on colloidal particles, samples for MALDI 
analysis were taken after 24 h, 48 h and 72 h. After each 24 h time 
interval, the digests were centrifuged for 5 min at 21,000 g, the 
supernatant was removed, and the pellets were washed three times with 
ammonium bicarbonate buffer to remove any weakly bound peptides. The 
pellets were finally dispersed in a freshly prepared lysozyme solution for 
the next digestion period of 24 h. As a control, fresh samples with 
Chymotrypsin immobilized on colloidal particles were stored at room 
temperature for 24 h, 48 h and 72 h before starting the digestion assay. 
For long-term stability experiments, samples with Chymotrypsin 
immobilized on colloidal particles were stored for 7 weeks at room 
temperature and subsequently used for digestion as described above.
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In order to obtain the activity equivalence of Chymotrypsin immobilized on 
colloidal particles, a 0.75 mg mL"1 Chymotrypsin stock solution was 
prepared and diluted to be used in concentrations of 100 %, 10 %, 1 %,
0.8 %, 0.4 %, 0.2 %, 0.1 %, 0.01 %, 0.001 % and 0.0001 % for digests 
of lysozyme.

The MALDI-ToF-MS analysis of peptides derived from proteolytic cleavage 
by Chymotrypsin was performed on a Voyager-DETM PRO Biospectrometry 
Workstation from Applied Biosystems controlled by the Voyager Control 
Panel Software (USA). Before all MALDI-ToF-MS measurements an 
external calibration was performed using the calibration mix II from the 
peptide mass Standard kit (AB SCIEX). The preparation of the calibration 
samples was performed as described in the manufacturer's protocol. All 
measurements were carried out on polished steel targets coated with a 
a-cyano-4-hydroxycinnamic acid thin-film matrix. The latter was freshly 
prepared with a saturated a-cyano-4-hydroxycinnamic acid solution in 
100 % acetone, which was allowed to dry before starting the MALDI 
experiments.

11.2.5 Data analysis

The MALDI spectra were analyzed concerning the peak positions (m/z 
values) and the peak areas of individual peptides after the digestion of 
lysozyme. Measurements were repeated five times to achieve statistically 
relevant results. The Standard deviations are reported as error bars in the 
figures. The peptides were identified by comparing the experimental peak 
data with in-silico-digests data using the FindPept tool from ExPASy 
Bioinformatics Resource Portal (Swiss Institute of Bioinformatics) with a 
tolerance of 0.8 Da. The lysozyme sequence from Gallus gallus was used 
as the input for the in-silico-digest analysis (Accession code AAA48943, 
NCBI, 147 amino acids). The experimental peak areas were analyzed with 
the Data Explorer 4.0 Software from Applied Biosystems after performing 
an automated baseline correction of the spectra.

The kinetic data were fitted using the PRISM Software (v. 5.01, GraphPad 
Software Inc., USA) with the equation (11.1)
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Y = Y0HY^-Y<s)*{\-e-K,‘) (11.1)

where Y is the MALDI peak area of a seiected peptide and t is the time. Yo 
is the Y value when time is zero and Ymax are the fitted values of peak 
area plateaus for t = oo. k  represents a rate constant considering the 
velocity of enzyme-substrate interaction. The faster the reaction the 
higher is the constant determined by the Software.

11.3 Results

Due to their use in many biotechnological applications, alumina and silica 
colloidal particles with a comparable size were seiected as support 
materials for Chymotrypsin immobilization. Since alumina and silica 
colloidal particles have comparable particle sizes but different exchange 
capacities and specific surface areas (Table 11.1), different precursor 
concentrations were used in order to create the same amino group density 
on both materials and therefore the same amount of immobilized 
Chymotrypsin molecules. The amount of (3-aminopropyl)triethoxysilane 
required for obtaining 3.4 amino groups per nm2 was calculated by taking 
into account the different specific surface area as previously reported158.

The immobilization of Chymotrypsin on the colloidal particles was achieved 
by amine coupling via reactive esters using the l-ethyl-3-(3- 
dimetylaminopropyl)carbodiimide/ N-hydroxysuccinimide method190, as
l-ethyl-3-(3-dimetylaminopropyl)carbodiimide is water-soluble and it can 
be directly added to Chymotrypsin solutions and colloidal particles aqueous 
suspensions without using organic solvents (see Figure 11.1). To directly 
compare the immobilization efficiency for both materials, an identical 
concentration of Chymotrypsin was used for the immobilization to alumina 
and silica. Successful immobilization was confirmed qualitatively by 
checking that characteristic peaks relative to amide bonds and alkyl 
groups were present in FTIR spectra collected for the functionalized 
colloidal particles (see Figure 11.9 in Chapter 11.7). Nevertheless, it was 
not possible to determine the amount of the immobilized protein. Due to 
the presence of l-ethyl-3-(3-dimetylaminopropyl)carbodiimide, 
N-hydroxysuccinimide and their by-products, neither conventional protein
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quantification126, 129, 214, 215 nor enzymatic activity assays40' 132 could be 
employed to quantify the Chymotrypsin remaining in solution after the 
immobilization step, as these assays were strongly disturbed by the 
presence of the reactants (data not shown). Therefore, the Chymotrypsin 
activity was directly analyzed by MALDI-ToF-MS by monitoring the 
generation of proteolytic peptides formed by the digestion of lysozyme by 
immobilized Chymotrypsin.

Proteolytic digests were performed by incubation of Chymotrypsin 
immobilized on colloidal particles with lysozyme and subsequently the 
supernatant of the solution was investigated for lysozyme-derived 
peptides with MALDI-ToF-MS (Figure 11.2). When lysozyme was exposed 
to either Chymotrypsin immobilized on alumina or silica colloidal particles, 
distinct peptide pattern were observed in the MALDI spectra (Figure 
11.2a-b). On the contrary, peptide peaks in the same spectral region were 
not found after incubation of lysozyme with non-functionalized colloidal 
particles (Figure 11.2c-d). Peptide sequence analysis with the FindPept 
tool (in-silico-digest) revealed that the peptides identified (Figure ll.2 a -b )  
covered 44 % of the lysozyme sequence. For comparison, a digest of 
lysozyme with unbound Chymotrypsin was performed and an almost 
identical peptide pattern with a sequence coverage of 40 % was observed 
(Figure 11.2a, b and e).

Similar protein sequence coverages were recently reported by Xiao et 
al.265. Furthermore, Xu et al. and Lin et al. reported coverage values 
ranging from 40-90 % for the used proteins260,261. For further analysis of 
digestion studies, the lysozyme derived peptides methionylarginyl- 
serinylleucine (MRSL, 506 Da) and glycylarginylcysteinylglutamylleucine 
(GRCEL, 634 Da), marked with asterisks in Figure 11.2, were selected as 
these two peptides were present in all obtained spectra and showed 
consistently high intensities.
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Figure 11.2 a, b: MALDI-ToF-MS spectra of lysozyme digested using Chymotrypsin 
immobilized to alumina and silica colloidal particles. c, d: Spectra collected after the 
incubation of lysozyme with amino groups-functionalized alumina and silica colloidal particles 
as negative Controls, e: In-solution-digest of lysozyme using free Chymotrypsin as a 
positive control. The incubation time for all experiments was 24 h. Green squares indicate 
peaks which can be identified by database search as lysozyme fragments. The asterisks 
indicate the peaks associated with the peptides MRSL (505.9 Da) and GRCEL (634.9 Da), 
used for further analysis. For a better orientation, some of the most intense peaks were 
labeled with corresponding m/z values.
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In order to compare the enzymatic activity of the immobilized 
Chymotrypsin with the activity of the unbound Chymotrypsin, a series of 
in-solution-digests were performed with constant concentration of 
lysozyme and stepwise decreasing the concentrations of unbound 
Chymotrypsin (Figure 11.3). The 100 % value represents the activity 
determined for the concentration of Chymotrypsin that was initially used 
for the immobilization procedure, which corresponds to 0.75 pg mL"1. 
Under the assumption that the MALDI peak areas of the lysozyme derived 
peptides MRSL and GRCEL are proportional to the concentrations of these 
peptides after digest265 we used those as a semi-quantitative estimate of 
the enzymatic activities of the Chymotrypsin present in the digest. Indeed, 
both the MRSL (Figure 11.3a) and GRCEL (Figure 11.3b) peak areas 
measured after 24 h in-solution digests were lowered with decreasing 
concentration of unbound Chymotrypsin. Comparison of the peak areas 
determined for the samples with Chymotrypsin immobilized on colloidal 
particles (Figure 11.3, black and white bars for alumina and silica colloidal 
particles, respectively) with those of in-solution-digests containing 
different concentrations of Chymotrypsin (Figure 11.3, grey bars) revealed 
that more active Chymotrypsin (corresponding to 1 % - 10 % of the initial 
Chymotrypsin concentration used for immobilization) was present on 
alumina samples than on silica samples (less than 1 %).

3.0*109

2.5.10»

2.0«i0B
1.5xK>‘

1.0x10*

5.0*10*

i l

a: Peptide MRSL b: Peptide GRCEL

1

■  Chym o tryp s in  im m ob iize d  on 
alum ina coJkxdal partic les 

I 1 C hym o tryp s in  immobifczed on 
s ilica  co llo id a l partic les

□  Chymotrypsin

Figure 11.3 MALDI-ToF-MS peak areas of the MRSL and GRCEL peptides obtained after 
24 h digestion with immobilized Chymotrypsin (black bars for alumina, white bars for silica 

colloidal particles supports) and with free Chymotrypsin in solution (grey bars) at different 
relative concentration with respect to the initial Chymotrypsin concentration used in the 
immobilization protocol (75 pg mL'1).
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MALDI-ToF-MS was used further to compare the time-dependence of the 
lysozyme digestion by unbound and immobilized Chymotrypsin. The 
average peak areas of the peptides GRCEL and MRSL in the spectra of the 
digests were determined and plotted as a function of the incubation time 
(Figure 11.4). Comparison of the appearance of the two peptide peaks in 
the digests containing Chymotrypsin immobilized on silica (Figure 11.4a 
and c), Chymotrypsin immobilized on alumina (Figure 11.4b and d) or 
unbound Chymotrypsin (Figure 11.4e) revealed that the peptides were 
generated more rapidly in the presence of an excess of unbound 
Chymotrypsin. The fast increase in the peak areas in the digests with 
unbound Chymotrypsin reached a plateau within 2.5 h (Figure 11.4e), 
while the generation of peptides was slower in the digests containing 
Chymotrypsin immobilized on colloidal particles and maximal peptide 
levels were observed after more than 5 h (Figure 11.4a-d). The data were 
fitted with an exponential function (see Materials and Methods, equation 
(11.1)) where the peak areas at t = 0 were constraining to 0 (Y0 value in 
eq. (11.1)). The fitted values of the maximum peak area Ymax and of the 
characteristic rate constant K are shown in Table 11.2. Interestingly, the 
maximum peak area of the two peptides generated in digests with 
unbound Chymotrypsin was remarkably smaller than of that determined 
for digests containing Chymotrypsin immobilized on colloidal particles 
(Table 11.2). The addition of extra Chymotrypsin after 23 h caused a 
further increase of the peak areas for the case of Chymotrypsin 
immobilized on colloidal particles (Figure 11.4a, b) whereas additional 
lysozyme produced no Variation (Figure 11.4c and d). Notably, the 
addition of lysozyme to unbound Chymotrypsin also revealed no changes 
in the measured peak areas (Figure 11.4e).
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Figure 11.4 Temporal evolution of the MALDI-ToF-MS peak areas of the MRSL (o) and 
GRCEL (□) peptides obtained during the digestion of lysozyme with: (a, c) Chymotrypsin 
immobilized on silica colloidal particles; (b, d) Chymotrypsin immobilized on alumina colloidal 
particles; and (e) free Chymotrypsin in solution. The solid lines are fits to the exponential 
function defined in equation (11.1), leading to characteristic kinetic parameters reported in 
Table 11.2. After 23 hours of incubation, lysozyme and Chymotrypsin were added to 
investigate potential influences of fresh substrate and enzyme, respectively, on the 
proteolytic performance.
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Table 11.2 Characteristic kinetic parameters obtained by fitting equation (11.1) (see 
Methods) to the temporal evolution of the peak areas of the GRCEL and MRSL peptides 
during digestion of lysozyme with immobilized and free Chymotrypsin.

Colloidal
particles

Chymotrypsin 
immobilized on 

silica

Chymotrypsin 
immobilized on 

silica

Chymotrypsin 
immobilized on 

alumina

Chymotrypsin 
immobilized on 

alumina Control

(+chymotrypsin) (+lysozyme) (+chymotrypsm) (+lysozyme)

Peptide GRCEL MRSL GRCEL MRSL GRCEL MRSL GRCEL MRSL GRCEL MRSL

K 0.11 0.10 0.18 0.17 0.54 0.85 0.62 0.68 2.45 2.27

(hours'1)

Y n a s

(104 intensity 
units)

7.3 6.3 6.7 5.6 8.9 5.6 9.4 6.3 1.7 1.1

Note: In the fitting procedure, performed with the PRISM Software, Y0 was constrained to 
zero. To each sample (Chymotrypsin immobilized on silica and alumina colloidal particles, 
respectively) Chymotrypsin (+ Chymotrypsin) or lysozyme (+ lysozyme) were added after 23 h 
to reveal influences of fresh enzyme or substrate to the proteolytic performance. The control 
consists of free Chymotrypsin in solution with lysozyme as substrate without any colloidal 
particles (in-solution-digest).

To probe the reusability of the immobilized enzymes we tested the 
proteolytic activity of the Chymotrypsin immobilized on colloidal particles 
in three consecutive lysozyme digestion steps. During these 24 h steps, 
the samples with Chymotrypsin immobilized on colloidal particles were 
allowed to digest lysozyme as a substrate. After each step, the samples 
were rinsed, MALDI-ToF-MS spectra of the supernatant solutions were 
collected, and new 24 h digestions were started. The resulting peptide 
peaks in the MALDI spectra were used to assess the enzymatic activity at 
a semi-quantitative level, as in the previous experiments (Figure 11.5).
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Figure 11.5 MALDI-ToF-MS spectra of fresh lysozyme solutions digested with Chymotrypsin 
immobilized on alumina (a-c) or silica (d-f) collected in three consecutive digestion steps, 
each lasting 24 h. The number of identified lysozyme peptide sequences is shown in circles 
in the panels (a-f). Panel (g) shows the sum of peak areas of both peptides (MRSL and 
GRCEL) in the consecutive digestion step (black and white bars for alumina and silica 
colloidal particles, respectively). Panel (h) shows the summarized peak areas of the same 
peptides after one digestion step started following storage of fresh Chymotrypsin immobilized 
on colloidal particles suspensions for 24, 48, and 72 h. The most indicative peaks belonging 
to the lysozyme sequence were marked by green squares. For a better orientation, some of 
the most intense peaks were labeled with corresponding m/z values.

Both Chymotrypsin immobilized on alumina and Chymotrypsin immobilized 
on silica were able to digest lysozyme within each of the three consecutive 
steps as demonstrated by the generation of a high number of peptides 
clearly identified as part of the lysozyme sequence (Figure 11.5). 
However, the averaged peak areas of the MRSL and GRCEL peptides 
strongly decreased after the first 24 h digest period, especially in the case 
of Chymotrypsin immobilized on silica, while a less pronounced effect was 
observed for Chymotrypsin immobilized on alumina (Figure 11.5g).
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Figure 11.6 a, b: Enzymatic activity of Chymotrypsin immobilized to alumina and silica 
functionalized with amino groups measured by MALDI-ToF-MS using lysozyme as substrate. 
c, d: Amino group functionalized alumina and silica with lysozyme as negative Controls. 
Green markers indicate peaks that can be identified by database as corresponding to 
lysozyme. Measurements were performed after 7 weeks of storage at room temperature.

Storage of Chymotrypsin immobilized on colloidal particles for 24 h, 48 h 
and 72 h at room temperature before incubation with lysozyme revealed 
substantial peptide formation after all storage periods and only a slight 
decrease of the peak areas for both colloidal materials (Figure 11.5h). In 
addition, fresh samples of Chymotrypsin immobilized on colloidal particles 
that had been stored at room temperature for 7 weeks generated 
characteristic lysozyme peptide peaks in a 24 h digest although the overall 
peak intensity was rather low (Figure 11.6).

11.4 Discussion

In our study the populär and simple immobilization approach based on 
amine coupling with l-ethyl-3-(3-dimetylaminopropyl)carbodiim ide and 
N-hydroxysuccinimide was found to be suitable to covalently bound
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Chymotrypsin to the amine-functionaiized alumina and silica colloidal 
particles and preserve the activity of Chymotrypsin, as already 
demonstrated by Hong et al.266, who immobilized Chymotrypsin on 
superparamagnetic nanogels. In our work, the preservation of 
Chymotrypsin activity has been demonstrated by the MALDI-ToF-MS 
observation of multiple lysozyme-derived peptides after proteolytic 
digestion (Figure 11.2), similarly as obtained after Chymotrypsin in- 
solution-digests. The formation of lysozyme-derived peptides is clearly 
induced by the presence of Chymotrypsin on the particles' surface as no 
lysozyme digestion peaks were observed using amino-functionalized 
colloidal particles suspensions. The number of identified peptides after the 
digestion experiments is comparable to previous results obtained using 
trypsin and Chymotrypsin261, 265, 267, 268. Also in these previous works, the 
efficiency of digestion by immobilized enzymes was evaluated by 
analyzing the sequence coverage.

Although no direct Information about the total amount of immobilized 
Chymotrypsin could be obtained, the MALDI-ToF-MS analysis of the peak 
areas of the peptides MRSL and GRCEL, resulting from the digestion of 
lysozyme, allowed us to compare the enzymatic activities of the 
immobilized Chymotrypsin with that of Chymotrypsin free in solution. This 
comparison was performed assuming that the amount of non-immobilized 
Chymotrypsin in solution after several washing steps is insignificant. The 
results presented in Figure 11.3 show that, for the peptides MRSL and 
GRCEL, smaller peak values could be detected from digested lysozyme 
using Chymotrypsin immobilized to silica colloidal particles than to alumina 
colloidal particles, possibly due to a different amount of immobilized 
Chymotrypsin. Moreover, it is conceivable that the immobilized enzymes 
present a reduced intrinsic activity. This may be due to several and in part 
concomitant factors16, 269 such as: (i) the hindered accessibility of the 
substrate to the active site of Chymotrypsin, (ii) conformational changes of 
immobilized Chymotrypsin; (iii) the formation of Chymotrypsin 
agglomerates by cross-linking induced by the linking protocol; and (iv) an 
increased (material-dependent) tendency for Chymotrypsin oxidation, as 
described in earlier studies269.

The factors above are also expected to be responsible for the slower 
digestion kinetics of immobilized Chymotrypsin with respect to free 
Chymotrypsin in solution. For a better comparison, kinetic experiments 
were conducted by adjusting the concentration of unbound Chymotrypsin
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to 10 % (Figure 11.3). The kinetic analysis over 27 h showed a plateau 
that was reached within 2.5 h for unbound Chymotrypsin and more than 
5 h for Chymotrypsin immobilized onto both materials. This plateau is 
probably due to an occlusion of the active site by the proteolysis products, 
since the addition of extra substrate (+lysozyme) leads to no obvious 
changes in the kinetic curves. In contrast, after addition of extra enzymes 
(+chymotrypsin), an increase of the reaction products (in this case, the 
peptides MRSL and GRCEL) was observed. A reduction of enzymatic 
activity and slower digestion kinetics after immobilization to solid supports 
has been already observed for other enzymes such as glucose oxidase270 
or trypsin271.

i i i i i 
600 800 1000 1200 1400

m/z (Da)

Figure 117 Influence of Chymotrypsin autolysis on protease activity. Spectra comparison 
between lysozyme in-solution-digest using (a) Chymotrypsin that was incubated for 24 h 
before starting digest (to provoke Chymotrypsin autolysis) and (b) in-solution-digest without 
pre-incubation of Chymotrypsin.

The kinetic analysis shows that both unbound as well as colloidal particles- 
bound Chymotrypsin became inactive after 23 h of incubation, as the 
addition of fresh lysozyme did not lead to an additional increase in the 
amounts of proteolytic peptides. However, compared to unbound
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Chymotrypsin, the maximal amount of peptides determined after 23 h was 
twice as much. This may suggest that colloidal particles-bound 
Chymotrypsin remained longer active than unbound Chymotrypsin. As 
mentioned above, an inactivation of the enzyme due to autolysis is quite 
unlikely under our reaction conditions. In fact, a pre-incubation of 
unbound Chymotrypsin (that could provoke Chymotrypsin autolysis) 
followed by lysozyme in-solution-digest revealed negligible changes in the 
observed peak pattern compared to digest using fresh Chymotrypsin 
(Figure 11.7). However, a very small amount of autolysis cannot be 
excluded for the Chymotrypsin immobilized on colloidal particles, for which 
low intensity autolysis peaks were detectable (Figure 11.8). Nevertheless, 
using the PeptFind tool from Expasy.org, it was found that only 2.9 % and
4.4 % (after 24 h and 48 h, respectively) of all mass peaks can be 
assigned to Chymotrypsin autolysis fragments. Other peaks might be 
impurities or other unspecific cleavage products (as it is indicated by the 
PeptFind tool).
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Figure 11.8 Check for autolysis peaks from non-immobilized Chymotrypsin after 24 h (a) and 
48 h (b) incubation in 400 mM ammonium bicarbonate buffer.

For technical applications, an important parameter to assess the efficacy 
of enzyme-functionalized materials is their cyclic reusability. Our cyclic 
reusability experiments (see Figure 11.5) showed that after each digestion 
roughly the same number of lysozyme peptide sequences could be 
identified, as a consequence of the active lysozyme cleavage by 
Chymotrypsin. These results are in agreement with previous investigations 
with Chymotrypsin immobilized on an epoxy-modified silica monolithic
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support267,268. However, we found that the MALDI peak areas associated 
to the cleaved peptides MRSL and GRCEL decreased, indicating a 
progressive loss of enzymatic activity. This loss appears to be more 
pronounced for silica than for alumina, suggesting that the type of support 
material has an influence on the reusability efficacy. Interestingly, a very 
limited loss of enzymatic activity was observed when the immobilized 
enzymes were stored at room temperature and freshly used after 24 h, 
48 h and 72 h (Figure 11.5 h). In fact, the materials were found to be 
active toward lysozyme digestion even after 7 weeks of storage at room 
temperature, comparable to studies with Chymotrypsin immobilized onto 
chitosan grafted with polymethyl methacrylate272. Therefore, the activity 
loss in the reusability tests is not expected to originate from slow 
conformational changes of the enzyme in the immobilized state, which 
would also take place during long-term storage, but rather connected with 
the digestion reaction. For instance, occlusion of the active site by reaction 
intermediates that remain trapped due to steric hindrances caused by the 
tethering to the ceramic particles, or that remain adsorbed to the particie 
surfaces, could lead to a progressive "poisoning" of the immobilized 
enzyme. Future studies shall be devoted to optimizing the immobilization 
procedure in order to maximize the efficiency and improve the reusability 
of immobilized enzyme on the colloidal ceramic particles.

11.5 Conclusions

This study investigated the coupling efficiency, enzymatic activity and 
enzyme kinetics of Chymotrypsin immobilized onto silica and alumina 
colloidal particles with amino groups using MALDI-ToF-MS. Although this 
analysis does not allow an exact quantification of the amount of 
Chymotrypsin immobilized onto colloidal particles, it delivered a semi­
quantitative Information on the activity of the immobilized enzymes by 
comparing the data from in-solution-digests with different protease 
concentrations. Application of MALDI-ToF-MS allowed us to measure the 
actual proteolysis products without the using of artificial protease 
substrates or intermediate chemicals that are required in other methods40, 
1 3 2 , 2 7 3 , 274_ Spect;ra offer a visual overview on the amount of enzymatic 
products as well as detailed Information about many single peptides in a 
single experiment. Beside this, the detection limit of MALDI-ToF-MS in the 
femtomole ränge275 is substantially lower than that of many other
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colorimetric or fluorescence techniques used for enzyme activity 
measurements276' 277. Adaptation of this method should also be possible 
for other studies which aim at comparing the immobilization efficiency of 
several proteases. The results of this study will help to advance the 
knowledge about immobilization of proteins to inorganic substrates. In 
proteomic research, particularly in the field of bioengineering (e.g., in 
batch processes, bioreactors etc.) it is of prime importance to control 
enzymatic processes or, if needed, to isolate enzymes from reactions fast 
and easy by the usage of colloidal particles bound enzymes.
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11.7 Appendix: Characterization of colloidal particles 
after surface functionalization and enzyme 
immobilization using Fourier transform infrared 
(FTIR) spectroscopy

Additional FTIR spectroscopy measurements were performed using a 
Nicolet 320 FT-IR spectrometer (Thermo Scientific, Germany). Spectra 
were obtained from KBr (Merck, Germany) pellets containing 
approximately 1 wt% particles and measured between 4000 and 400 cm ' 1 

after 100 accumulations at 1 cm ' 1 resolution. FTIR measurements were 
carried out using AI2O3 (Figure 11.9a) and SiC>2 particles (Figure 11.9b). 
Data analysis was performed using the Omnic Software (version 4.1).
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wave number (cm 1) wave number (cm ')

Figure 11.9 Chymotrypsin immobilized on Al20 3 (a) and S i02 (b) with amino groups minus 
the reference (colloidal particles functionalized with amino groups).

To characterize colloidal particles before and after chemical surface 
modification and enzyme immobilization, for each particle type the 
following samples were analyzed:

- pure colloidal particles (untreated)
- colloidal particles functionalized with amino groups
- colloidal particles functionalized with amino groups after a treatment 
with l-ethyl-3-(3-dimetylaminopropyl)carbodiimide and N-hydroxy- 
succinimide
- Chymotrypsin immobilized on colloidal particles after functionalization 
with amino groups using l-ethyl-3-(3-dimetylaminopropyl)carbodiimide 
and N-hydroxysuccinimide

To compare the spectra and to interpret the results, the reference spectra 
of colloidal particles functionalized with amino groups was subtracted from 
the graph of Chymotrypsin immobilized on colloidal particles after 
functionalization with amino groups using l-ethyl-3-(3- 
dimetylaminopropyl)carbodiimide and N-hydroxysuccinimide. Additionally, 
a baseline correction was carried out. As show in Figure 11.9a and Figure 
11.9b, a peak approximately 1100 cm '1 was observed for both particle 
types. The presence of this peak, which is characteristic for amide bonds, 
indicates the presence of immobilized Chymotrypsin on colloidal particles 
functionalized with amino groups278. Additionally, a Vibration at 
approximately 1400 cm"1 suggests a presence of alkyl groups which are 
also traced back to Chymotrypsin immobilization on both particle types278.
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12Conclusions

ABSTRACT: This Chapter summarizes all key findings of this study.

The main goal of this thesis was to analyze the effects of colloidal ceramic 
particles on the enzymatic activities of adsorbed or covalently immobilized 
enzymes. Because the interplay of interactions between enzymes and 
colloidal particles is very complex, a simple model system using a serine 
protease, a-chymotrypsin, was chosen. a-Chymotrypsin is not only well 
characterized but also has a wide ränge of potential applications. Two 
main immobilization strategies, physisorption and covalent immobilization, 
were employed in this study. Depending on the experimental 
requirements, four types of colloidal materials were used as carrier 
materials: AI2O3, Si0 2  and two types of TiÜ2 .

As the most straightforward and mild method, physisorption was seiected 
to examine the effects of colloidal ceramic particles on the enzymatic 
activity of adsorbed Chymotrypsin. Because no additional reagents were 
required, activity changes caused by linkers and additional chemical 
substances could be excluded. Desorption processes were examined and 
prevented by Controlling the pH and ionic strength.

Experimental conditions that enabled the stable adsorption of 
Chymotrypsin on AI2 O3 , S i0 2 , and Ti0 2  with rutile and rutile/ anatase 
crystal structures were identified. The following trends were determined 
for enzyme adsorption in all chosen colloidal systems:

• Chymotrypsin adsorbed efficiently on all tested colloidal particles in 
a concentration-dependent manner.

• Adsorption was pH dependent and increased with increasing pH.
• Among the tested experimental conditions, pH 8  was optimal for 

strong Chymotrypsin adsorption.
• Adsorption increased as the hydrophobicity of the particles 

increased.
• Both types of TiC>2 exhibited the highest adsorption affinity, followed 

by AI2O3 and, finally, S i02.
• Normalization of the experimental data with respect to the Protein 

Accessible Area (PAAsem), as defined in this study, seemed to be
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more suitable than normalization using the traditionally obtained 
S S A bet based on the N2  accessible surface.

The experimental results were considered in terms of the results of the 
simulations, which were performed under the same conditions as in the 
experiments examining Chymotrypsin adsorption on Si02 and Ti02. The 
simulations were possible thanks to a collaborative project involving the 
Advanced Ceramics Group (Faculty of Production Engineering, University 
of Bremen, Germany), the Center for Biomolecular Interactions Bremen 
(Faculty of Biology/ Chemistry, University of Bremen, Germany), and the 
Hybrid Materials Interfaces Group (Faculty of Production Engineering and 
Bremen Center for Computational Materials Science, University of Bremen, 
Germany).

A  combination of experimental studies and molecular dynamics 
simulations using S i02 and Ti02 (rutile/ anatase) colloidal particles helped 
to obtain the following findings:

• The same preferred adsorption orientation of Chymotrypsin was 
found on both materials at both neutral and basic pH values, driven 
by interaction of the negatively charged surfaces with the strong 
protein dipole moment.

• A nearly equal free energy of adsorption in the low-concentration 
limits (approximately -35 kJ/mol) was estimated by Langmuir 
adsorption isotherm analysis.

• A larger amount of adsorbed Chymotrypsin was found in the 
experiments on T i02 than in those on Si02.

• Anchoring to the Si02 surface occurred mostly via positively charged 
amino acids that interacted with both neutral and deprotonated 
silanol groups, although neutral polar and even hydrophobic 
residues contributed to frequent and tight surface-protein contacts.

• Anchoring to the Ti02 surface was dominated by neutral terminal OH 
and bridging 0  sites but, involved positively charged amino acids 
nearly exclusively.

• Steered MD simulations showed that Chymotrypsin can easily slide 
over the TiC>2 surface and can even temporarily desorb and adsorb 
again at a farther site.

• No temporary desorption from the SiC>2 surface was observed, so 
rupture of the tight surface-protein contacts only occurred if new

165

https://doi.org/10.51202/9783185760051 - Generiert durch IP 216.73.216.36, am 18.01.2026, 14:41:31. © Urheberrechtlich geschützter Inhalt. Ohne gesonderte
Erlaubnis ist jede urheberrechtliche Nutzung untersagt, insbesondere die Nutzung des Inhalts im Zusammenhang mit, für oder in KI-Systemen, KI-Modellen oder Generativen Sprachmodellen.

https://doi.org/10.51202/9783185760051


contacts were concomitantly form ed, resulting in a predominant 
rolling behavior for Chymotrypsin.

• A change in the dipole orientation due to rolling was associated with 
considerable energy loss, so diffusion over the SiC>2 surface is 
expected to be more hindered than diffusion over the TiC>2 surface 
is.

The main focus of this thesis was the assessment of the enzymatic 
activities of immobilized enzymes, which is a complex challenge because 
conventional assays usually cannot be applied to colloidal particles. To 
circumvent this obstacle, a known method for measuring the activities of 
free enzymes using p-NPA as an enzyme substrate was adapted and 
optimized to allow its use with adsorbed enzymes. After establishing the 
assay, different colloidal particles were used as the carrier material for 
adsorbed Chymotrypsin to measure the effects of adsorption on catalytic 
activity, demonstrating the simple application and versatility of the 
optimized assay. The simple and rapid method developed in this study 
does not require any complex technical equipment and will also be useful 
for studying the interactions of other hydrolytic enzymes with various 
types of colloidal materials.

For all colloidal particles, adsorption negatively influenced the enzymatic 
activity of adsorbed Chymotrypsin, as indicated by substantial losses in 
enzymatic activity. Approximately 12-15 %, 7-9 %, and 6-9 % of the 
initial enzyme activity was preserved after adsorption on Si02, AI2O3 and 
TiC>2 (rutile), respectively. The dependence on substrate concentration was 
determined for adsorbed Chymotrypsin on T i02 (rutile), and an increase in 
the Kmvalue for the artificial substrate p-NPA was observed. The increase 
in the KM value and the decrease in maximal hydrolytic activity may have 
been due to blockage of the active site or conformational changes caused 
by the adsorption of Chymotrypsin on the particle surface. Lateral 
enzyme-enzyme interactions did not appear to play an important role 
because the enzymatic activity was similar for all colloidal particles and 
was largely independent of the surface density of the adsorbed enzymes.

Because the covalently immobilized enzymes exhibited limited desorption, 
this immobilization method was also applied using amine-functionalized 
AI2O3 and SiC>2 colloidal particles. The populär immobilization method
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based on amine coupling with l-ethyl-3-(3-dimetylaminopropyl)- 
carbodiimide and N-hydroxysuccinimide was performed. However, the 
coupling substances used for covalent immobilization interfered with the 
optimized assay. Therefore, the enzymatic activity of covalently 
immobilized Chymotrypsin was estimated by MALDI-ToF-MS using 
lysozyme as the enzyme substrate and analyzing multiple lysozyme- 
derived peptides after proteolytic digestion.

The findings can be summarized as follows.

• The formation of lysozyme-derived peptides was obviously induced 
by the presence of Chymotrypsin on the particle surface.

• Colloidal particle-bound Chymotrypsin remained active for a longer 
period of time than unbound Chymotrypsin in kinetic studies.

• Cyclic reusability experiments demonstrated that after each 
digestion, roughly the sam e num ber of lysozyme peptide sequences 
could be identified, indicating active lysozyme cleavage by 
Chymotrypsin.

• A reduction in enzymatic activity and slower digestion kinetics after 
immobilization were observed for both particle types.

• The loss of enzymatic activity was more pronounced for silica than 
for alumina in cyclic reusability studies.

• Both materials retained lysozyme digestion activity, even after 7 
weeks of storage at room temperature.

• The activity loss in the reusability experiments was likely due to the 
digestion reaction and possible steric hindrance and not to slow 
conformational changes of the enzyme in the immobilized state 
because such changes would also occur during long-term storage.
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13 Outlook

ABSTRACT: This Chapter presents some potential projects for 
continuation.

The two immobilization methods applied in this study, physisorption and 
covalent immobilization, should be considered separately.

The study of adsorption interactions between enzymes and ceramic 
colloidal particles can be extended in two ways. First, enzyme engineering 
methods could be applied to modify enzyme properties such as surface 
Charge and surface functional groups and to measure their influence on 
adsorption and the catalytic activity of the adsorbed enzymes. Second, it 
is also feasible to investigate the influence of surface functionalization of 
the ceramic colloidal particles on the enzymatic activities of adsorbed 
enzymes. Of particular interest are the effects of surfaces with different 
wettabilities, porosities and roughness on adsorption behavior. Based on 
current knowledge, the second approach might be easier to accomplish 
because the methods and the optimized enzymatic assay described in this 
study can be applied immediately. A combination of the results and 
findings of this thesis and the knowledge recently shared by Fabian Meder 
from our research group regarding surface functionalization158' 279 might 
be particularly fruitful. Furthermore, the applied assay is also suitable for 
examining other enzymes such as trypsin. Extension of the model would 
highlight and confirm once again the simple application of the utilized 
methods.

The size and weight of the colloidal particles allowed the use of essential 
procedures, such as centrifugation, to separate free enzymes from 
enzymes that were adsorbed or covalently immobilized on the particles. 
However, the size and weight of the colloidal particles were not suitable 
for direct analysis of the possible structural changes in the immobilized 
enzymes via CD measurements. Additional analyses should utilize a model 
with smaller particles suitable for the applied enzymatic assay and for 
direct CD measurements. A combination of experimental studies and 
molecular dynamics simulations would also be desirable to obtain a 
broader picture of the enzyme's behavior at the atomic scale.

Because reusability is a very important factor for the application of 
enzymes, extended reusability studies could be performed for both
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covalently immobilized Chymotrypsin and Chymotrypsin adsorbed via 
physisorption, as well as for other enzym es. Analysis of covalently 
immobilized Chymotrypsin in the performed reusability study indicated 
that the immobilized Chymotrypsin retained lysozym e digestion activity, 
even after 7 weeks of storage at room temperature. It might therefore be 
interesting to focus on the pH and temperature stability of the immobilized 
enzym e, particularly with the aim of practical applications in the fields of 
proteomic research and bioengineering.
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