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ABSTRACT
The focus of this thesis is placed on the dynamic behavior of proteins in confining
environments which is studied as a scientific challenge for a deeper understanding of the
immobilization mechanism and a better designing of enzyme immobilization in porous
materials. Enzymes are immobilized in porous materials to improve the enzyme activity
and simplify their purification from the product solution in biocatalytic applications.
Mesoporous silica particle is used as solid support material for immobilization of enzymes.
By using various spectroscopic techniques it is possible to probe the environment that
enzymes experience inside the pores and/or outer surface of solid porous materials in terms
of pH, polarity and characterize the behavior of enzymes after attaching or during the
immobilization process.
The two papers presented in this thesis are an effort to get closer to the mechanistic steps
of immobilization process. In the first paper, a fluorescence spectroscopy assay based on
dye-labelled proteins was proposed to monitor the whole immobilization process into
mesoporous silica in real time. The main aim was to quantify the kinetics of the enzyme
immobilization into mesoporous particles. And secondly it was investigated how the rate
of the immobilization depends on protein size for a given pore size, the larger the protein
the slower the rate.
The second paper described how the rotational motion of immobilized proteins is retarded
compared to free proteins in solution by using steady state fluorescence anisotropy which
was based on the intrinsic fluorescence of aromatic amino acids in proteins. The effect of
the particle diameter and pore size on the mobility of immobilized enzymes were
investigated and by calculating pore filling for each protein three possible mechanisms for
decrease in rotational mobility of immobilized proteins have been discussed.
Keywords:
Enzyme immobilization, mesoporous silica, fluorescence spectroscopy, fluorescence anisotropy,
rotational mobility, kinetics, pore filling, rate of immobilization, real-time monitoring.
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1. INTRODUCTION
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E

nzymes are always referred to as useful biological catalysts with a high chemo- and
regioselectivity while applied under mild conditions, such as temperature, pH and

pressure [1, 2]. Therefore, enzymes can be a suitable alternative instead of using
conventional catalysts. However, enzymes in general have low stability and also it is
difficult to recover them from the reaction media and making the reuse very limited [3]. To
improve the use of enzymes in biocatalysts applications, immobilization of enzymes in
mesoporous silica particles (MPS) has been introduced as a novel method two decades ago
[4]. These mesoporous materials as immobilization support have unique advantages in
three different aspects, structure, pore and surface. The porous structure allows for high
loading of enzymes and also provides a protective environment where the enzymes often
can tolerate higher temperature, extreme pH and more salt concentration [1, 4]. Also the
size of particles can be adjusted for different applications which micrometer-sized
mesoporous particles (up to 5 µm) are mostly used in biocatalyst applications [5]. The pore
diameter can be selected to match with the size of the given enzyme, and the pore shape
can be ordered in different shape, such as hexagonal or cubic [6]. The surface of the
mesoporous materials can be modified, such as higher hydrophobicity to improve the
enzyme activity and optimizing interaction between enzyme and support materials.
Therefore, immobilization of enzymes in mesoporous materials improves the enzyme
stability and enzymatic function, simplifies the biocatalyst recycling and enhances the
product recovery [7, 8]
Enzyme immobilization has been studied at least in three main aspects, applied surface
chemistry, industrial biotechnology and physical chemistry. However, in each aspect some
main questions are raised, but the combined knowledge that is gained can help us design a
better immobilization systems and have improvement in the applications. In applied surface
chemistry, more focus is on the techniques used for the characterization of the MPS
particles i.e. how to modify the surface in a way to enhance the system [9]. The
biotechnology part is more focused on improving the role of enzymes after immobilization,
optimizing the enzymatic activity and kinetics for biocatalyst application, investigating the
modeling of the enzyme structure [10, 11].
The focus of this thesis is placed on the physical chemistry perspective of enzyme
immobilization and most studies in this area have been trying to figure out the answers of
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two questions, “where are the proteins after immobilization?” and “what is the mechanism
of the immobilization?”.
To answer these questions, physical chemistry methods such spectroscopic techniques
provide us this opportunity to know more about the environment that enzymes experience
inside the pores or outer surface of the particles. Since polarity and pH of the environment
can affect the enzyme functionality, they have been investigated by using different probes
as protein-bound dyes which are sensitive to pH or polarity [12, 13].
The amount of immobilized enzymes can be crucial to their activity and dynamic behaviors
[11, 14, 15] which can be determined by indirect methods (discussed further below) [16,
17], but if the adsorption of enzymes into support materials can be monitored over time,
the rate of immobilization can be investigated. Since the estimation of adsorbed amount is
often studied by indirect methods which have low time resolution, the necessity of
developing the direct- monitoring method can be recognized. In the first paper of this
thesis, a fluorescence assay is evaluated for real time monitoring of enzyme immobilization
in mesoporous silica particles, and also making the kinetics of the immobilization
quantified, this method can be a forward step to get close to the mechanism enigma.
In the second paper the dynamic behavior of immobilized enzymes is studied by measuring
the depolarization of the enzymes after immobilization using fluorescence anisotropy, since
the main source of the depolarization is internal protein motion and rotational diffusion,
therefore, the mobility of immobilized enzymes can be quantified. The main aim is to
determine the rotational mobility of immobilized enzymes since sometimes the catalytic
activity can be completed by small fluctuational motions in enzymes [18].
Investigating the rotational mobility of immobilized proteins might seem like a
contradiction in terms, but immobilization, here, means that the leakage into the external
solution is prevented which sometimes referred to as encapsulation or confining enzymes
in a solid materials, the translational motion of proteins is restricted highly but it does not
mean that proteins cannot rotate inside the pores, depending on the mechanism and strength
of the forces responsible for the immobilization.
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2.1.

Enzymes

A catalyst is a substance that can increase the rate of a chemical reaction without itself
being consumed or changing. Enzymes are biological catalysts that are highly selective in
various chemical reactions. They can accelerate and regulate the metabolic reactions in the
living cells. Without biocatalysts the chemical reactions in life processes, such as digestion
of food and synthesis of DNA could last forever. Moreover, they can apply under very mild
condition in terms of pH and temperature. The enzymatic reaction occurs in the active site
where is a region on enzyme with specific amino acid residues which can bind to the
substrate molecule. The reaction is catalyzed by chemical transformation of the substrate
into a desired product [19].
Since the substrate selectivity of enzymes depends on interactions between enzyme and
substrate, enzymes take advantage of many intermolecular forces including hydrogen
bonding, van der waals interactions, polar interactions and hydrophobic interactions to
bring substrates together in most optimal orientation so that reaction will occur. Enzymes
as a catalyst just increase the rate of the reaction by decreasing the activation energy.
Activation energy is the difference between the energy levels of the substrate ground state
and the transition state. However, the equilibrium energy is referred to the difference in
free energy between the ground states of substrate and product, which the catalyst cannot
affect. There is an optimum pH for enzymes where they can achieve the highest catalytic
activity due to different ionization state that amino acid residues can gain in different pH
[20]. Naturally-occurring microorganisms (fungi and bacteria) are the most productive
producers of enzymes since they are easy to handle, can be grown in huge tanks without
light, and have a very high growth rate [20]. After purification process, enzymes are ready
to be used in various industries e.g. biofuel cells, detergent formulations, biosensors, food
and pharmaceuticals [21].
In this thesis lipase (MML), bovine serum albumin (BSA) and glucose oxidase (GOX) are
used as “enzymes” in immobilization processes. Lipase and glucose oxidase both are
recognized as the most important groups of enzymes in biotechnology. Lipase can be found
in different bacterial strain and it plays the main role in metabolism and fat digestion.
Glucose oxidase is found in some fungi and insects where it shows its antibacterial activity
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in presence of oxygen and glucose. It catalyzes the oxidation of glucose to hydrogen
peroxide and D-gluconolactine [22, 23].
Bovine serum albumin cannot be listed as an enzyme due to the lack of the active site in its
structure. However, it is a well-known protein, which is usually used as a protein
concentration standard in the lab experiments [24]. There are some reasons to choose BSA
besides of others enzymes in this thesis, the main one is the size of the BSA (hydrodynamic
radius (RH): 3.5 nm) which is very suitable for comparing the data with other enzymes
(MML, RH: 2.25nm and GOX, RH: 4.5 nm) in the immobilization process, and also it is
suited with pore diameter of the used MPS particles (Rpore: 3nm and 4.6+/-0.2 nm). Figure
1 shows the schematic structure of the protein and Table 1 presents the proteins properties
in detail.

Figure1. Schematic representation of the proteins structure, Lipase (MML), Bovine Serum Albumin (BSA),
Glucose Oxidase (GOX)

Table1. Properties of the proteins

a.
b.
c.
d.
e.

ε280 e

Mw b

RH c

(kDa)

(nm)

MML

32

2.25

3.8

42800

BSA

66

3.5

4.7

43824

GOX

160

4.5

4.2

308000

Protein a

pI d

(M-1cm-1)

MML- Mucor Miehei Lipase, BSA-Bovine Serum Albumin, GOX-Glucose Oxidase
Molecular weight [3, 22, 25]
Hydrodynamic radius [3, 12, 22]
Isoelectric point [3, 12, 22]
Extinction coefficient [12, 22, 23]
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2.2.

Mesoporous materials

Mesoporous materials are defined as inorganic materials with a pore diameter between 2
and 50 nm. Porous materials with pore diameter less than 2nm are defined as microporous
and when the pores are larger than 50 nm in diameter the materials called macroporous.
They have a large variety of properties that depends on their composition, pore shape and
particle morphology [26]. Mesoporous solid particles mostly are oxides, such as silica
(SiO2) [27], alumina (Al2O3) [28] or titania (TiO2) [29], and can be synthesized with regular
symmetry. This thesis will focus on mesoporous silica particle (MPS), with the pores
arranged in hexagonal symmetry, SBA-15 (Santa Barbara Amorphous) [22], and also
HMM (Hiroshima mesoporous material) [30] which is a silica spherical particles with nonordered pores with slit-shape.
Described briefly the MPS particles are synthesized from organic-inorganic self-assembly
between the surfactant and the silica precursor in an aqueous solution. The silica precursor
is hydrolyzed and polymerizes in the water domain of the template liquid crystal, it forms
an inorganic network with mirroring the template structure. After polymerization,
hydrothermal treatment is performed on the formed silica material for increased crosslinking, adjusting the pore diameter and particle growth. At the end, the organic template
or surfactant is burnt away by calcination or extraction [31, 32].
Several analytical techniques are used to characterize the mesoporous materials. Scanning
electron microscopy (SEM) is used to determine the morphology and the size of the MPS
particles. Transmission electron microscopy (TEM) can be used as a complement to SEM
for determining the local pore structure. Nitrogen adsorption/desorption isotherms can
measure the surface area, pore volume and the pore size distribution in the MPS particles
[30, 33].
Enzymes can be immobilized into mesoporous silica particles by covalent attachment or by
physical adsorption and electrostatic interaction between the enzyme and the surface. For
covalently attaching usually the surface is modified by functionalizing the silanol (SiOH)
groups on the surface [34]. In physical adsorption multitude weak forces such as hydrogen
bonds are involved between the enzyme and the surface. This interaction can be improved
if there is electrostatic attraction between the enzyme and the silica surface. One way to
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improve the immobilization conditions is changing the pH which may increase the
electrostatic attraction [35, 36]. It is tuned by considering the isoelectric point of the
enzyme, and the silica support (Silica pI~ 2). Some other parameters can affect the
interaction between enzymes and the MPS particles such as enzyme properties in terms of
primary, secondary, tertiary structure.

Figure 2. Schematic structure of MPS particles with uniform hexagonal pores.
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3.1.

Light and matter

The electromagnetic spectrum lays out all in the different forms of radiation from very low
energy like radio waves and microwaves to very high energy such as gamma rays and Xrays. But all electromagnetic radiation is not called light; light in a spectroscopic
perspective is a strand of electromagnetic radiation between the lowest and highest energy
that includes near-infrared (NIR), visible light and near or middle ultraviolet. To describe
the properties of light, it must be considered a wave as well as a particle [37, 38]. In classical
physics the light can be seen as a harmonic wave of an oscillating electric and magnetic
field, the electric and magnetic fields oscillate in phase with a wavelength λ and frequency
ν and describe waves which are perpendicular to each other and to the direction of
propagation. However, the light can also be described as a flow of photons, small packets
of energy E which can be quantified by Planck’s equation
𝐸𝐸 = ℎ. 𝜈𝜈

(1)

where h is Planck’s constant (h=6.626.10-34 Js) and ν is the frequency which is connected
to the speed of the light, c, as
𝜈𝜈 =

𝑐𝑐

(2)

𝜆𝜆

where c=3.108 (ms-1) and λ is wavelength of the light (nm).
This flow of photons can interact with matter in different ways, such as absorption and
scattering or with no interaction just passing through the sample. The wavelength, the angle
and polarization of the incoming light are the factors that choose to what degree each
process can occur.
Molecules usually exist in different energy levels i.e. rotational, vibrational and electronic.
This means that there is a particular energy difference between each level, and a molecule
in an initial state can get excited to a final state if it absorbs a photon with exactly the
amount of energy equal to the energy difference ΔE between both states. This is defined as
Bohr´s frequency condition [39] and is given as

ΔE= E Final - E Initial = h.𝜈𝜈

(3)

Transition dipole moment occurs when the oscillating electric field of light with the correct
wavelength can create an oscillating in the electron cloud of a molecule, the molecule can
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be excited from initial state to final state with a higher energy. This transition occurs with
the highest efficiency if the electric filed of the light is polarized parallel to the transition
moment and this dipole induced by light in the molecule determines the magnitude of the
probability of this transition happening.

3.2.

Absorption

Absorption is the ability of a molecule to absorb light energy when it is exposed in the light
emitted by a source in a suitable wavelength. This ability is measured by spectrophotometer
which includes a light source and a monochromator and a detector, see Figure 3.

Figure 3. Basic setup of a spectrophotometer. The correct wavelength of the light is selected by a
monochromator and goes through air (I0) and then through a sample (I) with length (l) onto a detector.

The intensity of light decreases by passing through the sample and interacts with the
molecules. The light intensity measured after the sample (I) is related to the incident light
(I0) at a certain wavelength (A). It is also related to the extinction coefficient (ε), the
concentration (c) and the path length (l) of the sample (often in a quartz cuvette). This
relation is described by Beer- Lambert law [40]:

A(λ)= log

𝐼𝐼0 (𝜆𝜆)
𝐼𝐼 (𝜆𝜆)

= ε.c.l

(4)

Absorption spectroscopy is often used to determine the concentration of a sample with a
known extinction coefficient (ε), but for new molecules, the extinction coefficient can be
determined experimentally by using a solution of known concentration. Otherwise for
example for proteins it can be calculated from the amino acid composition data [41, 42].
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3.3.

Light scattering

In a complex sample (enzyme/particle) the total absorption consists of two component
absorption and scattering which called turbidity. Scattering happens when the direction of
a photon after interaction with the matter changes and it depends on the amount of particles
in the sample which in scattering theory is often called number of particles per unit volume
[43, 44]. To separation the scattering from absorption one way is the subtraction of the light
scattering component from the total spectrum, then the absorbance part can be extracted.
However, for extract the absorbance part, the scattering part must be identified. A
convenient method to identify the scattering component is to use a logarithmic
representation of the data. In a log-log graph the scattering signal will ideally appear as a
straight line [45].

3.4.

Fluorescence

When a molecule absorbs light, the energy is transferred from the photon to an electron.
Electron with getting this energy can transfer to the higher energy orbital, and the molecule
is located in the excited state. The excited state is unstable and the electron eventually return
to the lower energy orbital and the molecule will be back in the ground state. However, the
molecule has several options for losing this energy and returning to the ground state.
According to Jablonski diagram (Figure 4) the energy can be given away to vibrational
modes in the molecule (Internal conversion), it can be transferred to a triplet state
(Intersystem crossing) or be emitted as a photon (fluorescence and phosphorescence). As
it is seen in Figure 4, the molecule can be excited by using light at wavelength that
corresponds to the energy difference between S0 and S1, The energy absorbed by the excited
electron in S1 can reveal to different vibrational modes; the energy in these vibrations is
quickly transferred to the surrounding environment by non-radiative transitions (vibrational
relaxation) so that the molecule is still in the lowest vibrational state in S1, then the energy
difference from S1 to S0 is emitted as fluorescence when the molecule goes back to the
ground state S0.
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Figure 4. Jablonski diagram

Fluorescence quantum yield is a common measure for the fluorescence of a molecule,
which is defined as the ratio between the number of photons emitted by a molecule as
fluorescence and the amount of photons that is absorbed by the same molecule [45]. This
relation can be described as:
Г

Φ = Г+𝑘𝑘

(5)

𝑛𝑛𝑛𝑛

where Г is the fluorescence rate constant and 𝑘𝑘𝑛𝑛𝑛𝑛 is the rate of non-radiative decay to the
ground state (S0). The fluorescence rate constant in the relationship represent the photons
emitted while the sum of rate constants make up for all transitions.
The fluorescence lifetime is another important parameter that is used to describe the
photophysical behavior of the molecule, which is the average time the molecule spends in
the excited state before emitting a photon. The lifetime is inversely proportional to the sum
of rate constants involved in the transition from the excited state to the ground state [45];
lifetime equation can be described as following:
1

τ = Г+𝑘𝑘

(6)

𝑛𝑛𝑛𝑛

Figure 5 shows the basic setup of a spectrofluorometer, which is a common technique to
record an emission and excitation spectra for a sample. The spectrofluorometer has a source
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of UV-visible light that is directed through a monochromator by selecting the correct
radiation energy to excite the sample. The emission monochromator selects the correct
wavelength of radiation to be observed by the detector.
In the case that an emission spectrum is to be measured, a specific excitation wavelength
will be chosen for the light source by the excitation monochromator which is then focused
onto the sample. Photons are emitted by the sample and the emission monochromator is
scanned through a chosen wavelength region, therefore, the detector can obtain a spectrum
of the emission intensity per wavelength. An excitation spectrum is measured in a similar
the same manner; however, this time the emission monochromator remains in a specific
wavelength while scanning is through the excitation energies. Also kinetic studies are
possible where only one wavelength (monochromatic light) is used and the intensity of the
fluorescence can be recorded over time.

Figure 5. Basic setup of a spectrofluorometer. The correct wavelength of the light is selected by an excitation
monochromator, led through the sample and then an emission monochromator and on to the detector.
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3.5.

Steady state fluorescence anisotropy

When a fluorescent molecule is excited with polarized light, the resulting fluorescence
emission should be also polarized. But since the main cause of fluorescence depolarization
is rotational diffusion of the fluorophore during its excited-state life, the emitted light is
depolarized while the molecule rotates. Therefore, by measuring the fluorescence
depolarization the rotational mobility of a fluorophore can be determined. Fluorescence
anisotropy (r) is an experimental measure of fluorescence depolarization. Anisotropy
measurements are made by exciting the fluorophore with polarized light and measuring the
fluorescence intensity both parallel and perpendicular to the excitation polarization.
Figure 6 shows a fluorescence anisotropy spectroscopy setup with polarizers. Simply, the
light passes a polarizer that only light in one orientation can be transmitted, such as
vertically oriented light. The light excites a fluorescent molecule in the sample and by
rotation of the molecule, the orientation of the emitted light changes. By using another
polarizer, the light with the same orientation as the polarizer can pass completely through
the filter and if it is perpendicular to the polarizer, it is blocked.

Figure 6. Schematic representation of fluorescence anisotropy detection, where IXY is the emitted intensity
and the subscripts X and Y indicate the polarization directions of the excitation and emission light,
respectively, with H and V referring to horizontal and vertical.

The anisotropy, r, is calculated from the intensities recorded with the emission polarizer
arranged vertically (V) and horizontally (H), when the sample is excited with vertically
polarized light. The G is the ratio of the sensitivities of the detection system for vertically
and horizontally polarized light, which is measured using horizontally polarized excitation
and correction factor for the instrument. See equation 7 and 8.
𝐼𝐼

G = 𝐼𝐼𝐻𝐻𝐻𝐻
𝐼𝐼

(7)

𝐻𝐻𝐻𝐻

−𝐺𝐺 𝐼𝐼

r = 𝐼𝐼 𝑉𝑉𝑉𝑉+2𝐺𝐺𝐼𝐼𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉

(8)

𝑉𝑉𝑉𝑉
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where IXY is the emitted intensity and the subscripts X and Y indicate the polarization
directions of the excitation and emission light, respectively, with H and V referring to
horizontal and vertical. When the sample is excited by linearly polarized light an average
oriented excited population is generated. If the excited fluorescent molecules, fluorophores,
are not allowed to move until they emit their energy the emission will be polarized as well.
This property is called fundamental anisotropy (r0), it depends on the angle between the
absorption and emission transition dipoles, β, see equation 10.
2

r0 = 5 (

3 𝑐𝑐𝑐𝑐𝑐𝑐 2 𝛽𝛽−1
2

)

(9)

r0 can attain values between -0.2 and 0.4, corresponding to an angle of 90° and 0°,
respectively, between the absorption and emission transition dipole moment.

3.6.

Chromophores for absorbance and fluorescence assays

Different absorbance and fluorescence assays can be used to investigate enzymes behavior
by spectroscopic methods, however, these assays are always based on either intrinsic
protein chromophores or on an extrinsic dye which proteins are labelled with. Here, some
of the assays used in this thesis are described.
3.6.1. Intrinsic protein assays
Proteins can absorb the light by aromatic amino acid residues (Tyrosine and Tryptophan)
and peptide bonds. However, proteins have different composition but the absorption
spectrum of all proteins is characteristic with two maxima, at 200nm (peptide bonds) [46]
and 280nm (aromatic residue) [45]. Many peptide bonds exist in proteins, the absorption
properties of the peptide bonds at 200 nm can be used to investigate the secondary structure
or the concentration of proteins. The main drawback is that many other substances used in
protein solution can absorb the light in this range of wavelength such as alkenes or carbonyl
compounds [46]. Therefore, to obtain a reliable data at 200 nm the proteins must be purified
to make them free of any other chemicals and also the buffers should be chosen carefully.
The absorption spectrum can be measured around 280 nm which is based on the aromatic
amino acid, and this measurement is used for calculating the protein concentration by BeerLambert equation (Equation 4). Moreover, there is no limitation for using the different
buffers, since the wavelength range is completely different and the buffer components
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usually do not absorb the light. The amino acid composition is an important factor for the
extinction coefficient of each proteins, the extinction coefficient of a protein can be
determined experimentally by using solution with known concentration or based on the
amino acids data composition [41, 42]. A main drawback of this method is the nucleic acids
contamination that can be present in many biological samples. Since the nucleic acids can
absorb the light at 260nm strongly, that can interfere the protein measurements. However,
there is a possible way to calculate the protein/nucleic acid ratio and correct the nucleic
acid contamination from the measurements [47] .
The intrinsic fluorescence of a folded protein is a mixture of the fluorescence from
individual aromatic residues (Tryptophan and Tyrosine with the tryptophan providing the
most significant portion). Mentioned before for proteins the maximum absorption is at 280
nm and an emission peak that ranges from 300 to 350 nm depending in the polarity of the
local environment of the residues [45]. Fluorescence from aromatic residues gives valuable
information about the structure, folding and binding interactions of proteins [45]. Since
Tryptophan (Trp) is a relatively rare amino acid in proteins and has more contribution for
fluorescence measurements, many studies have been aimed to investigating the
fluorescence of Trp [15, 48, 49], in this case the best excitation wavelength for Trp is at
295 nm since tyrosine has very low absorption at this wavelength [50]. One advantage of
intrinsic fluorescence is that a native protein can be studied with no changing in its
structure, and also fluorescence studies of biomolecules in the case of particle suspensions
can be useful to minimize scattering instead of using the absorbance measurements for
determining the concentration [51]. The work in Paper II has been performed based on the
intrinsic absorbance and fluorescence protein assay.
3.6.2. Extrinsic dye assays
Since most of the interesting molecules are non-fluorescent or in some cases the intrinsic
fluorescence is not proper for a desired experiment, extrinsic dyes has been discovered to
label the wanted molecules since 1950s [17]. Today, many fluorophores (dyes) are
available for covalent or non-covalent labelling of proteins, with longer excitation and
emission wavelength compared to aromatic acids in proteins which is desirable for the
proteins [45]. Some of the commercial dyes that bind proteins non-covalently or to
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surfactants covering the proteins are styryl dyes (Sypro red and orange) [52], ruthenium
complexes (Sypro ruby) [53]. However, some other dyes can have reaction with amino
group on the protein forming fluorescent complex by covalent attachments such as
SNARF-1[12] and the natural dye epicocconone [54]. The structure of epicocconone can
be seen in Figure 7. The binding properties of epicocconone to a protein is discussed more
in the Paper I of this thesis.

Figure 7. Structure of epicocconone bound to amino group of a protein
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4.1.

Kinetics of enzyme immobilization in mesoporous particles

Chemical kinetics investigates how fast a process (reaction) can be completed, the rate of
the process is discussed and calculated based on the data measured experimentally.
Therefore, the kinetics studies can indicate how different experimental conditions can
affect the speed of a reaction and more information about the reaction’s mechanism. To
measure the rate of a reaction the rate law is an equation that connects the reaction rate to
concentrations or pressures of reactants and rate constant [55], see Equation 10:

r = k [A]m [B]n

(10)

where A and B are the concentration of reactants, m and n are the partial reaction orders
and usually are obtained experimentally, and k is the rate constant of the reaction. The
value of this coefficient (k) may depend on conditions such as temperature and surface area
an adsorbent.
Quantifying the kinetics of immobilization process is a crucial issue because it can be
helpful for deeper understanding of the mechanism of immobilization. In immobilization
process, a simple model of reaction can be assumed (Equation 11),

E+P  EP

(11)

where the protein-particle complex (EP) is the product of the reaction, and E presents free
enzyme and P free binding site in the pores of the particle or on its outer surface. This
model corresponds to a second-order-rate equation with rate constant k:

d[EP]/dt = k[E][P]

(12)

Since in the second order reaction, the rate depends on the concentration of both reactants
(here, enzymes and particles). Monitoring the concentration of two different reactants at
the same time is difficult, but the reaction could be considered pseudo-first-order as a
simplification, if and only if one of the reactants is used in a large excess then that
concentration would hardly change at all and could be considered to be essentially a
constant. If [P]>>> [E], then the [P] would be essentially unchanged and the reaction can
be simplified to [56]:

[EP](t) = [E]0 (1-exp(-k ′t))

(13)

where [E]0 is the initial concentration of protein and the pseudo first-order-rate constant (k′)
is predicted to follow :
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k ′ = k([P]0-[E]0) ≈ k[P]0

(14)

where [P]0 is the initial particle concentration and the second order rate constant k is
expected to be different for each type of protein. These calculations are discussed more in
the Paper I with the aim of quantifying the kinetics of immobilization process in real-time
monitoring.

4.2.

Rotational mobility of free and immobilized enzymes

The fluorescence anisotropy of a fluorophore is used to measure the protein rotational
mobility on the time scale of the fluorescence lifetime. Rotational mobility can be defined
as correlation rotational time (the time it takes the protein to rotate by one radian) based on
Perrin equation for a protein with lifetime (τ ) as follows [45, 49]:
𝑟𝑟

r = 1+0𝜏𝜏

(15)

𝜃𝜃

where the rotational correlation time (θ) is related to the steady state anisotropy (r) and ro
is the anisotropy of the fluorophore in the absence of rotational motion. For a spherical
protein with radius R, the rotation correlation time (θ) is given by [45]

Ɵ=

4
3

𝜂𝜂 𝜋𝜋𝑅𝑅3
𝑘𝑘 𝑇𝑇

(16)

where η is the solution viscosity, k is Boltzmann constant and T the temperature.
It should be noticed that in the system of proteins immobilized in porous particles an
additional process that potentially affects the anisotropy is rotation of the whole MPS
particle based on Soleillet theory about depolarization [57], occurring with a rotational
correlation time we denote θpart. To what degree each process can affect the whole system
is dependent on how strong proteins are immobilized into the particles. For example, in the
case of a protein which is strongly adsorbed to the pore wall the rate of rotation will be zero
relative to a coordinate system fixed to the particle (θprot = ∞), but the protein may still
rotate as a consequence of the rotation of the particle if it is fast enough. A more detailed
interpretation can be found in the Paper II for immobilization system.
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4.3.

Protein loading and pore filling

A main property of an enzyme/particle system is to know the amount of immobilized
enzyme per amount of particles which usually reported as the weight of the immobilized
enzyme per particle weight as called protein loading (PLD) [1, 58]. The most common used
technique for measuring the immobilized enzymes is an indirect method which is to do
measurements on the solution surrounding the particles as the supernatant when the
particles are sediment by centrifugation of the immobilization solution after finishing the
process. However, this method cannot be suited for fast immobilization process and also
for the leakage of enzyme from the particles during an enzyme-catalyzed reaction [16, 17].
As mentioned before, the protein loading is often used to show how much enzyme is
adsorbed into the porous immobilization support but this cannot fully present the actual
amount of protein in the pores since it depends on variation in pore volume of the particles.
Therefore, a suitable parameter to describe proteins concentration in the pores is pore filling
(Pf) which is defined as the fraction of the pore volume that is occupied by the proteins
[27]:
𝑃𝑃𝑓𝑓 = 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 /𝑉𝑉𝑝𝑝𝑝𝑝𝑟𝑟𝑒𝑒 =

4𝜋𝜋
3

𝑅𝑅𝐻𝐻3 𝑁𝑁𝐴𝐴 𝑃𝑃𝐿𝐿𝐿𝐿 /(𝑀𝑀𝑊𝑊 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 ) (17)

where the volume Vprot of (hydrated) protein is obtained from the hydrodynamic radius of
protein RH, protein loading (PLD) (mass of enzyme /mass of particle), Avogadro’s number
and molecular weight of protein, also the Vpore is the specific pore volume per gram of the
particles which can be characterized for porous materials by Nitrogen physisorption
method. To calculate the number of proteins per particle (Nprot ) following equation can be
used [27]:

Nprot = NA⋅PLD⋅Vpart⋅ρpart/MW

(18)

Vpart is the average volume per particle estimated as a sphere with diameter and ρpart is the
density of the (dry porous) particles calculated from the particle porosity Φ as

ρpart = ρsilica (1- 𝛷𝛷) = ρsilica (1-Vpore /(Vpore+ρsilica-1))

(19)

where ρ silica = 2.196 g/cm3 is the density of amorphous silica [27, 59].
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5. SUMMARY OF PAPERS
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T

his thesis is based on two papers that have been summarized in this section. The first
paper suggests a fluorescence-based assay for monitoring the immobilization process

in real time. The second paper describes the effect of the mesoporous particle size and the
pore diameter on the rotational mobility and pore filling of immobilized enzymes.

Paper I:
A fluorescence spectroscopy assay for real-time monitoring of enzyme immobilization
into mesoporous silica particles
This study was inspired by improving direct methods for monitoring the immobilization
process, since indirect methods commonly used have low time resolution, the necessity of
developing direct-monitoring methods can be recognized for studying the kinetics of
enzyme immobilization in mesoporous silica particles.
Here, we investigated a fluorescence-based assay for real-time monitoring of the
immobilization of lipase (MML), bovine serum albumin (BSA), and glucose oxidase
(GOX) into micrometer-sized mesoporous silica particles (MPS). The proteins are labeled
with the dye epicocconone (Figure 7) which is a novel extrinsic dye for measuring the
concentration of enzymes which binds to amine groups of proteins forming a fluorescent
product with excitation maxima at 390 and 520 nm and emission maximum is at 605 nm.

Figure 8. Raw data on the emission intensity time profiles after mixing the epicocconone–MML conjugate
with the MPS particles at concentrations of 0.043 g/L (magenta, top spectrum), 0.036 g/L (cyan, second
spectrum from top), 0.026 g/L (orange, third spectrum from top), and the reference conjugate sample with no
particles (black, bottom spectrum). Particles were added at t = 0 min, emission wavelength: 605 nm; excitation
at 520 nm.
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The interaction with the particles is observed as an increase in emission intensity of the
protein–dye conjugates that can be quantified if correcting for a comparatively slow photobleaching. The immobilization occurs in tens of minutes to hours depending on particle
concentration and type of protein. In the limit of excess particles over proteins, the
formation of the particle–protein complexes can be described by a single exponential
growth for all three investigated proteins, and the fitted pseudo-first-order rate constant
increases linearly with particle concentration for each protein type, see Figure 9.

Figure 9. Bleaching-corrected emission intensity time profiles during immobilization of epicocconone–MML
conjugate in the MPS particles and fitting to a single exponential growth model. Upper panel: Emission traces
recorded at particle concentrations of 0.043 g/L (magenta, top spectrum), 0.036 g/L (cyan, middle spectrum),
and 0.026 g/L (orange, bottom spectrum).

The full set of emission time profiles for the epicocconone conjugates with MML, BSA,
and GOX in the presence of the particles at different concentrations was analyzed in the
same manner. Figure 10 shows the fitted constants kʹ for all three proteins plotted versus
the MPS particle concentration. The results confirm that the rate constant (kʹ) increases
with increasing particle concentrations for all three proteins.
A second order rate constant (k) for each protein was obtained from the solid line slopes in
Figure 10, and the resulting values show that k decreases strongly with increasing protein
size, see Figure 11. The derived second-order rate constant k varies with the protein
hydrodynamic radius according to k ~ RH-4.70±0.01 which is stronger than predicted scaling.
The predicted scaling (kd) is kd ~ RH -1 if the reaction between protein and particles is under
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diffusion control. The much stronger scaling observed experimentally indicates that the
immobilization at high particle concentrations is not rate controlled by diffusional
encounter between protein and particles but rather the entry into the pores, consistent with
the hydrodynamic radii of the three proteins being smaller but comparable to the pore radius
of the particles.

Figure 10. Pseudo-first-order rate constants kʹ versus MPS particle concentration for GOX (blue inverted
triangles), BSA (red circles), and MML (green squares). Solid lines are least square linear fits.

Figure 11. Plot of the second-order rate constant k versus the ratio between the hydrodynamic radii of the
proteins (RH) and the pore radius of the MPS particles (Rpore). The values of k are from the fitted slopes in
Figure 10; error bars are from the quality of the fits.
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Paper II:
Rotational mobility and pore filling of enzymes confined in mesoporous silica particles
studied by steady state fluorescence anisotropy
Inspired by answering this scientific question that how enzyme immobilization can affect
the rotational motions of enzyme in biocatalytic applications which are required to
complete the catalytic activity in some reactions.
Here, we used steady state fluorescence anisotropy as a technique to investigate if
immobilized proteins can rotate inside the pores more slowly than the same proteins in free
solution or if the immobilized proteins are adsorbed to the pores walls which in this case
are expected to rotate with the rotation rate of the particles as a single system. The proteins
immobilized in different mesoporous silica particles are lipase (MML) and bovine serum
albumin (BSA) which the fluorescence of their intrinsic aromatic amino acids is used for
monitoring the rotational mobility of the free-solution and the immobilized proteins. Table
2 and 3 show two different conditions that are examined, first the effect of relative pore
size compared to protein size and second the effect of different MPS particle dimeter and
shape on rotational mobility and pore filling of the proteins.

Table 2. Fluorescence anisotropy of free and immobilized proteins in the particles with
different pore size
MML

a.
b.
c.
d.

BSA

0.06

θA d
(ns)
0.87

0.09

θA d
(ns)
2.73

4.5

0.17

4.58

0.18

9.45

3.0

0.21

8.17

0.24

25.20

Particle
type
Free
protein a
MPS-2000

Rpore b
(nm)
----

MPS-2000

rc

rc

Protein in particle-free buffer solution.
Pore radius
Measured steady state anisotropy. The uncertainty is ±0.01 as calculated from the variation
between 3 to 4 independent experiments.
Apparent rotational correlation time calculated from steady state anisotropy (r) by equation
(16).The uncertainty is ±0.2 from the variation between 3 to 4 independent experiments.
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In Table 2, the observed r-values that are intermediate between free and fully adsorbed
proteins strongly indicate that the proteins do undergo some depolarizing motion inside the
pores, but which is retarded compared to the free protein. This interpretation is supported
by the observation that for a given protein the anisotropy is higher in the more narrow pores
(Rpore: 3nm), as expected since stronger confinement is likely to change the motion more
strongly. Therefore, the pore size can affect the retardation of rotational mobility of
immobilized proteins.
The difference in anisotropy between different particle types in Table 3, is most likely due
to their different morphology, or possibly to differences in protein-particle interaction
strength. Interestingly, in MPS-300, MML exhibits the limiting anisotropy value ro = 0.3,
indicating essentially non-moving proteins, and BSA gives almost the same value (r = 0.27)
in the same type of particle. For the other particle types in Table 3, the measured anisotropy
is in an intermediate range (0.15-0.23) which is significantly lower than the upper limit
ro = 0.3 and again indicate that the proteins are able to rotate inside the pores, albeit more
slowly than in free solution.
Table 3. Fluorescence anisotropy of proteins immobilized in different particles types with the
same pore size
MML

a.
b.
c.
d.

BSA

0.06

θA d
(ns )
0.87

0.09

θA d
(ns )
2.73

MPS-40

0.23

11.5

0.18

9.45

MPS-300

0.30

-----

0.27

56.70

MPS-1000

0.15

3.50

0.16

7.24

MPS-2000

0.17

4.58

0.18

9.45

Particle type a

rc

Free proteinb

rc

MPS-D where D is the average particle diameter in nm. The pore radius is approximately the
same at 4.6+/-0.2 nm.
Protein in particle-free buffer solution
Measured tryptophan steady state anisotropy. The uncertainty is ±0.01 as calculated from the
variation between 3 to 4 independent experiments.
Apparent rotational correlation time calculated from anisotropy by equation (16). The
uncertainty is ±0.2 from the variation between 3 to 4 independent experiments.
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Pore filling (Pf) and the number of proteins per particle (Nprot) have been calculated in each
condition and based on the results the observed Pf - values can decrease in smaller pore size
and the values of Nprot for all types of the MPS particles (see Figure 12) show that the larger
particles accommodate many more proteins.

Figure 12. The average number of proteins per particle for MML (squares) and BSA (circles) versus the
average particle diameter D. For pore radius 4.6+/-0.2 nm (solid; curves are guide to eye) and 3.0nm (open).
Inset: Double logarithmic plot for data with 4.6 nm pore radius where straight lines are least square linear fits
giving slopes 2.94+/-0.02 for MML and 2.95+/-0.01 for BSA.

In fact, the inset in Figure12 shows that the number of protein per particle (with the same
pore size) scales with the linear particle size D as Nprot ∼D2.94+/-0.01 for MML and Nprot
∼D2.95+/-0.01 for BSA. The nearly cubic scaling (i.e scaling with particle volume) supports
the proposal that under our immobilization conditions both proteins essentially saturate the
particle, and secondly that they are well- distributed systems. At the end three different
possible mechanisms that retard the rotational mobility and pore filling are discussed which
include permanent attachment of the enzymes to the pore wall, protein-protein interaction
and hydrodynamic interactions with the walls.
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6. CONCLUSION AND FUTURE PERSPECTIVE
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T

his thesis was dedicated to the better understanding of enzymes behavior under
immobilization process into solid porous silica particles and stepping forward in

opening the mechanistic enigma for enzyme immobilization. Two different topics were
studied. The first one, a fluorescence assay based on dye-label proteins was proposed for
monitoring the kinetics of immobilization process in real time and quantifying the
immobilization rate for different proteins in diameter, the larger proteins the slower
immobilization rate.
In the second study, the rotational mobility of immobilized enzymes was measured by
fluorescence anisotropy with no dye-labelling, the intrinsic fluorescence of aromatic amino
acid residues was used for each protein. The results shows that the rate of the rotational
mobility of immobilized proteins decreases compared to free protein in solution. This
reduction which depends on the pore dimeter can be ascribed to three different possible
mechanisms, permanent attachment of the enzymes to the pore wall, protein-protein
interaction and hydrodynamic interactions with the walls.
By comparison of these studies and the analysis of the studied literature, it can be concluded
that the behavior of enzymes during or after immobilization can be investigated by
fluorescence spectroscopic techniques, and by choosing better probe the environment
inside the pores can be better characterized. According to our knowledge, more studies are
needed for fully understanding the mechanism of immobilization process.
The continuation of this project will focus in characterizing the dark (chemical) bleaching
of epicocconone as the dye in the first paper and also time-resolved anisotropy studies of
the second paper for achieving a fully quantitative comparison with the discussed theories
in the paper which can separated the contribution of internal motion of amino acids in
proteins from the global motion of enzymes.
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a b s t r a c t
Mesoporous silica particles are used as support material for immobilization of enzymes. Here we investigated a ﬂuorescence-based assay for real-time monitoring of the immobilization of lipase, bovine serum
albumin, and glucose oxidase into micrometer-sized mesoporous silica particles. The proteins are labeled
with the dye epicocconone, and the interaction with the particles is observed as an increase in emission
intensity of the protein–dye conjugates that can be quantiﬁed if correcting for a comparatively slow
photobleaching. The immobilization occurs in tens of minutes to hours depending on particle concentration and type of protein. In the limit of excess particles over proteins, the formation of the particle–
protein complexes can be described by a single exponential growth for all three investigated proteins,
and the ﬁtted pseudo-ﬁrst-order rate constant increases linearly with particle concentration for each
protein type. The derived second-order rate constant k varies with the protein hydrodynamic radius
, indicating that the rate-limiting step at high particle concentrations is not the
according to k  R4.70±0.01
H
diffusional encounter between proteins and particles but rather the entry into the pores, consistent with
the hydrodynamic radii of the three proteins being smaller but comparable to the pore radius of the particles.
Ó 2015 Elsevier Inc. All rights reserved.

Immobilization of enzymes into mesoporous silica particles is
an intense area of research mainly because of the biocatalyst
applications, but it is also of interest in biosensing, biofuels, and
controlled drug release [1,2]. Enzymes are effective and useful
biocatalysts with high selectivity, but the use of free enzymes often
leads to difﬁculties in the separation of product and enzyme as
well as high costs and low protein stability [3,4]. Enzyme immobilization into a solid support is a method developed to minimize the
effects of these limitations, and a common support material is
mesoporous silica due to advantageous properties such as a large
surface area, a narrow pore size distribution, and high chemical
and thermal stability. Immobilized enzymes sometimes also
tolerate more extreme pH, elevated temperature, and higher salt
concentration than the same protein in bulk solution [5].
The most frequently used approach for monitoring the immobilization process is to study the solution surrounding the particles
through measurements on the supernatant after the protein particle suspension has been subjected to centrifugation. This technique
is used to determine the amount of encapsulated protein
(reviewed in Ref. [5]) and sometimes also to monitor the kinetics
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of the immobilization [6]. A drawback often inherent in such indirect methods is high uncertainty and low sensitivity, and another
limitation is the low time resolution that results from the timeconsuming protocols for measuring protein concentration in bulk
solution such as the Bradford method [7]. A few recent studies
have introduced biophysical methods that allow for the direct
monitoring of the immobilization process [5]. For example, quartz
crystal microbalance with dissipation monitoring (QCM-D)2 has
been reported as a method for studying enzyme immobilization in
mesoporous silica particles in real time [8]. The QCM-D measurements show that more enzymes are immobilized into mesoporous
silica particles than into nonporous particles and onto a ﬂat silica
surface, directly conﬁrming the protein uptake into the pores. In
the QCM-D approach, protein binding was monitored through
the effects on the mass and viscoelastic properties of a ﬁlm of
mesoporous silica particles adsorbed to a macroscopic surface.
Therefore, it would be interesting to develop a direct method
that can be used with particle suspensions because this is the
most common encapsulation format in applications of enzyme
immobilization.

2
Abbreviations used: QCM-D, quartz crystal microbalance with dissipation monitoring; UV–vis, ultraviolet–visible; BSA, bovine serum albumin; MML, Mucor miehei
lipase; GOX, glucose oxidase; MPS, mesoporous silica; DOI, degree of immobilization.
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Ultraviolet–visible (UV–vis) spectroscopy is often used to study
proteins in solution regarding fundamental properties such as
tertiary structure using circular dichroism [9] and protein concentration using visible absorption [7], exploiting either native
chromophores such as tryptophan amino acid residues or dye
labels attached to the proteins such as bromophenol blue.
Spectroscopic studies of biomolecules in the case of particle
suspensions is commonly hampered in the UV–vis range by the
turbidity stemming from particle light scattering, but one
approach to minimize scattering effects is to use ﬂuorescence that
is less sensitive to turbidity than absorption spectroscopy. In this
approach, the proteins generally need to be labeled with a ﬂuorescent dye because the autoﬂuorescence of native proteins is too
weak with a few exceptions such as green ﬂuorescent protein
[10,11]. Fluorescence spectroscopy has been used, for example, to
measure the pH sensed by proteins immobilized inside silica particles [12,13]. In one approach, a pH-sensitive probe was attached
to the silica walls of the particle pores and interrogated by ﬂuorescence spectroscopy [13]. In a reverse approach, the pH-sensitive
ﬂuorescent probe SNARF-1 was attached covalently to the proteins
[12] with the aim that the recorded emission spectrum reﬂected
the pH at the actual location of the encapsulated proteins.
Similarly, Matsuura and coworkers [14] used labeled proteins
and ﬂuorescence energy transfer spectroscopy to investigate how
pore size affects protein distances in a silica-based mesoporous
material. Importantly, at least for the proteins (bovine serum albumin [BSA] and a feruloyl esterase) studied in the SNARF-1
investigation [12], the dye had no detectable effect on the protein
structure, degree of immobilization, or enzymatic activity. These
results show how spectroscopic probes carried by immobilized
proteins can be used to characterize the environment and
interactions between proteins, once they are immobilized inside
mesoporous particles, without perturbing the properties of the
materials.
The spectroscopic studies [3,5,15] have often been aimed at the
ultimate outcome of the encapsulation such as how the enzymes
are affected by the environment in the pores or how the immobilized enzymes are distributed inside the porous particles. Here we
investigated whether a spectroscopy approach can be used to
monitor the whole immobilization process in real time starting
with the mixing of the proteins and particles. Our main aim was
to quantify the kinetics of the immobilization because a deeper
understanding of the mechanistic steps of enzyme transport into
the pores of the silica particles is needed to improve the encapsulation efﬁciency in the various applications. Here we propose a
ﬂuorescence spectroscopy assay based on dye-labeled proteins
and use it to measure how the rate of immobilization depends
on protein size for a given pore size. To this end, lipase, BSA, and
glucose oxidase were labeled covalently with the ﬂuorescent dye
epicocconone, commonly used for protein concentration
determination in bulk solution. The hydrodynamic radii of these
proteins (2.25, 3.5, and 4.5 nm) are smaller than but comparable
to the pore radius of the particles (4.6 nm) and are much smaller
than the average particle diameter (1 lm). The degree of immobilization at the end of the process is also estimated by ﬂuorescence
spectroscopy, but quantifying the kinetics of immobilization was
the focus of the study.

of the FluoroProﬁle Kit for protein quantiﬁcation. The mesoporous
silica (MPS) particles of SBA-15 type were a gift from Hanna
Gustafsson (Applied Chemistry, Chalmers University of
Technology) [16,17] and were synthesized and characterized as
described previously [16–18]. Brieﬂy, nitrogen adsorption isotherms gave an average pore diameter of 9.3 nm, a speciﬁc pore
volume of 1.18 cm3/g, and a BET (Brunauer–Emmett–Teller) surface area of 502 m2/g [16,17]. According to transmission electron
microscopy, the pores are hexagonally shaped with a radius of
4.6 nm and an average diameter of the particles of 1 lm. All experiments were performed at 25 °C and in 0.1 M phosphate citrate buffer to give pH 6.0 if not otherwise stated.

Materials and methods

MML, Mucor miehei lipase; BSA, bovine serum albumin; GOX, glucose oxidase.
Molecular mass [6,19,20].
Hydrodynamic radius [6,12,20].
d
Isoelectric point [6,12,20].
e
Extinction coefﬁcient at 280 nm [6,12,21].
f
Degree of labeling (epicocconone per protein).
g
Second-order rate constant k from linear ﬁts in Fig. 5 with errors corresponding
to the uncertainties in the ﬁts.

Binding of epicocconone to proteins
Epicocconone (Fig. 1) binds to amine groups of proteins, forming a ﬂuorescent product [22] with excitation maxima at 390 and
520 nm and an emission maximum at 605 nm [23]. The dye
modiﬁcation of the proteins was performed by mixing 400 ll of
protein–buffer solutions (2 mg protein/ml and 0.1 M phosphate
citrate buffer, pH 8.0) with a mixture of 250 ll epicocconone
reagent and 350 ll quantiﬁcation buffer, both provided in the
FluoroProﬁle Kit. After 1 h of incubation, the labeled protein
(violet) was puriﬁed on a size exclusion column (NAP-10, GE
Healthcare) in 0.1 M phosphate citrate buffer (pH 8.0) to remove
all nonbound epicocconone. The number of attached epicocconone
per protein (the degree of labeling [DOL] in Table 1) was
determined based on the absorbance ratio of the dye (A520 nm)
and the proteins (A280 nm) before and after the binding reaction
[12] using the molar extinction coefﬁcient (e520) 11,
200 M1 cm1 at 520 nm for epicocconone and the protein molar
extinction coefﬁcients at 280 nm (e280) given in Table 1.
Particle solutions
Working solutions of MPS (5–14 g/L) were prepared by suspending the required mass of dry MPS particles in phosphate citrate

Fig.1. Epicocconone bound to amine group of a protein.

Table 1
Properties and results for the proteins.

a

b

Chemicals and particles
Lipase (Mucor miehei lipase, MML), albumin (BSA), and glucose
oxidase (GOX from Aspergillus niger) were obtained from Sigma–
Aldrich. Epicocconone was obtained from Sigma–Aldrich as part

c

Proteina

Mwb
(kDa)

RHc
(nm)

pId

e280e (M1 cm1)

DOLf

kg [(g/L)1 min1]

MML
BSA
GOX

32
66
160

2.25
3.5
4.5

3.8
4.7
4.2

42,800
43,824
308,000

1.6
8.3
1.9

0.97 ± 0.02
0.09 ± 0.02
0.04 ± 0.02
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buffer at pH 6.0 using vortexing for 10 min at 10 rpm followed by
sonication (Ultrasonic cleaner model CD-4800 at 70 W power) for
30 min to dissolve any particle aggregates and then a second step
of vortexing. The vortexing and sonication procedure was repeated
before aliquots were removed for the preparation of the particle–
protein samples.
Spectroscopic measurements
Emission spectra (520–800 nm) were recorded on a Cary Eclipse
ﬂuorimeter (Varian) with excitation at 520 nm and with excitation
and emission slit widths at 20 nm. All ﬂuorescence measurements
were performed with emission detected at 90° to the excitation
light beam. For the real-time monitoring of kinetics, the ﬂuorimeter was equipped with four cuvettes that were monitored in
parallel using an emission wavelength of 605 nm (peak in the
emission spectra) with excitation at 520 nm.
Protein immobilization and data analysis
The immobilization was performed by using established protocols [12] for dye-modiﬁed proteins that are known to give a degree
of immobilization (DOI) in the MPS particles that is the same as for
the nonlabeled form of the proteins. For the kinetic studies, the
four cuvettes initially contained 2.5 ml of the same sample of
labeled protein with a concentration 4.5  108 M protein in
citrate–phosphate buffer at pH 6.0 and a small bar magnet to stir
the samples continuously during the spectroscopic measurements
to prevent particle sedimentation. After 10 min of equilibration,
the small samples of the MPS working solution, typically (20–
50 ll), were added to three of the cuvettes, giving three different
ﬁnal particle concentrations between 0.0018 and 0.360 g/L. The
fourth cuvette was kept as a particle-free reference to monitor
bleaching of the dye during the spectroscopic measurements of
the immobilization process, which lasted up to 3 h depending
on the MPS particle concentration. The kinetic experiments
were repeated three times for each combination of particle concentration and protein type (keeping protein concentration at
4.5  108 M). The recorded emission time proﬁles of the samples
at 605 nm were corrected for photochemical bleaching of the
protein–dye conjugate by subtracting the corresponding intensity
proﬁle of the particle-free reference sample (see Results), thereby
making the assumption that the bleaching processes are not
affected by the presence of the particles. Our results show that part
of the bleaching is due to a non-light-dependent reaction, so it was
not possible to avoid the bleaching by incubation in the dark.
The resulting intensity proﬁles I(t) were ﬁtted to a single
exponential growth function,
0

I ¼ Io þ Að1  ek t Þ;
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Results
Effect of MPS particles on emission spectra of epicocconone–protein
conjugates
Fluorescence emission spectroscopy of MML, BSA, and GOX was
used to investigate the interaction between the proteins and the
MPS particles (pore radius of Rpore = 4.6 nm). In Fig. 2, curve a
shows the emission spectrum of the epicocconone–MML conjugate
without the MPS particles and curve b shows the spectrum of the
same sample after the labeled proteins had been incubated with
the MPS particles for 180 min. It is seen that the emission intensity
has decreased after the incubation but that the shape of the spectrum is essentially unaffected with an emission maximum at
603 nm. If the same epicocconone–MML sample was incubated
without particles for the same amount of time under identical
conditions (curve c), the spectral shape is still the same but the
intensity is even lower.
The type of changes in the emission spectrum we observe when
the MPS particles are mixed with MML were also seen with the
epicocconone conjugates of the two other proteins (see Fig. S-1
in Supplementary material). Here we exploit that the intensity is
higher in the presence of the particles to monitor the immobilization process in real time.
Fluorescence monitoring of immobilization kinetics
The interactions between all three labeled proteins and the MPS
particles were monitored in real time by measuring the emission
intensity versus time at the wavelength 605 nm of maximum
emission (Fig. 2). In Fig. 3, the three upper curves show the
emission time proﬁles for the epicocconone–MML conjugate after
particles were added at t = 0 min to give three different MPS
concentrations. The lower curve shows the intensity time proﬁle
for the reference sample (no particles) when it is subject to the
same illumination as the samples containing particles. It is seen
that the reference sample exhibits a steady decrease in intensity
during the illumination, and control experiments with intermittent
illumination (see ‘‘Bleaching mechanism’’ section below) shows
that this decline is due to photobleaching of the protein-bound
dye because of the long illumination, in combination with a dark
reaction that also reduces the quantum yield of the dye. By
contrast, the protein samples containing particles ﬁrst exhibit an

ð1Þ

where Io is the intensity before the particles are added (deﬁned as
t = 0) and k0 is a (pseudo-ﬁrst-order) rate constant. In Eq. (1), the
intensity Io and the pre-exponential factor A will depend on the
degree of dye labeling of the protein (Table 1) and the quantum
yield of the free and immobilized protein–dye conjugate (see
Online supplementary material).
The DOI at the end of the incubation was estimated from the
emission intensity of the supernatant (Isup) at 605 nm after the particles had been removed by centrifugation. The fraction (fDOI) of
immobilized proteins was calculated as fDOI = 1  Isup/Ibs, where
Ibs is the intensity at 605 nm of the sample just before the particles
were spun down, to take into account the epicocconone bleaching
that occurs during the incubation.

Fig.2. Emission spectra of epicocconone–MML conjugate: (a) free enzyme before
the particles have been added; (b) after incubation with MPS for 180 min; (c) after
180 min without MPS; (d) of the supernatant after the particles in the sample of
curve b have been removed by centrifugation. Excitation wavelength: 520 nm;
particle concentration: 0.055 g/L; protein concentration: 4.5  108 M. During
incubation of curves b and c, the samples were exposed to the same continuous
illumination.
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Data analysis and rate constants

Fig.3. Raw data on the emission intensity time proﬁles after mixing the
epicocconone–MML conjugate with the MPS particles at concentrations of
0.043 g/L (magenta, top spectrum), 0.036 g/L (cyan, second spectrum from top),
0.026 g/L (orange, third spectrum from top), and the reference conjugate sample
with no particles (black, bottom spectrum). Particles were added at t = 0 min.
Protein concentration: 4.5  108 M; emission wavelength: 605 nm; excitation at
520 nm. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)

increase in intensity when the particles are added before a similar
decline in intensity is observed at longer times.
The observed increase in intensity just after adding the particles
indicates that the epicocconone ﬂuorescence increases when the
labeled proteins interact with the MPS particles, which is the
actual effect we exploited to monitor the immobilization process.
The intensity proﬁles in Fig. 3 are all lower than the initial value
after 180 min, which is in agreement with the spectra in Fig. 2
because spectrum b has lower intensity than the initial spectrum
a at the end of the incubation. However, in the absence of particles,
the ﬁnal spectrum c is even lower than spectrum b because the
bottom curve of Fig. 3 lacks the initial increase in intensity seen
in the samples with particles present. The protein binding to the
particles, therefore, can be detected as an increase in intensity even
though there is a net decrease in intensity at the end of the
incubation.
In Fig. 2, curve d shows the emission spectrum of the supernatant of the MML sample in curve b after the particles have been
removed by centrifugation and, thus, corresponds to the proteins
that remain in the surrounding solution after 180 min of incubation. The remaining intensity corresponds to the fact that approximately 72% of the added protein has been immobilized as
calculated from the relative decrease in intensity at the wavelength of maximum emission (see Materials and Methods above).
The same type of behavior shown in Fig. 3 was observed when
the same experiment was performed with different MPS concentrations between 0.0018 and 0.360 g/L and when BSA or GOX
was used instead of MML (results not shown). Only in the case of
GOX was there a qualitatively different behavior at MPS particle
concentrations above 0.14 g/L because the intensity exhibited a
fast sharp peak after the addition of particles typically lasting a
few minutes (see Fig. S-2 in Supplementary material), which was
followed by the same rise and decay pattern seen in the MPS
particle samples in Fig. 3. The kinetic data collection for GOX,
therefore, was limited to particle concentrations below 0.14 g/L.
The DOI of GOX and BSA were comparable to MML at 83 and
75%, respectively. These representative DOI values show that a
major fraction of the added protein ultimately becomes bound to
the particles under our conditions (in the pores or on the external
surface), so the kinetic results in Fig. 3 indeed reﬂect the rate of
immobilization.

The intensity data of the protein–particle samples in Fig. 3 were
corrected for the long-term bleaching of the dye by subtracting the
concurrent reference data on proteins without particles, which
were recorded in the same ﬂuorescence experiment to ensure
the same illumination conditions. Fig. 4 shows the corrected time
proﬁles obtained in this manner for MML at three different particle
concentrations using the data in Fig. 3. In the upper panel of Fig. 4,
the black curves show the corrected data and the solid lines are the
ﬁts to single exponential growth (Eq. (1)). The lower panel of Fig. 4
shows the residuals between the bleaching-corrected experimental data and the exponential ﬁts. The single exponential growth
model is seen to describe the experimental data well except during
the ﬁrst 20 min, where a small peak in the residual indicates the
presence of a fast but weak component in the intensity growth.
The values of the kinetic constant k0 (see Eq. (1)) obtained from
the ﬁts in Fig. 4 (0.10, 0.09, and 0.07 min1 for 0.043, 0.036, and
0.026 g/L MPS, respectively) show that a higher MPS concentration
leads to a faster interaction with the proteins.
The full set of emission time proﬁles for the epicocconone conjugates with MML, BSA, and GOX in the presence of the particles at
different concentrations was analyzed in the same manner. Fig. 5
shows the ﬁtted constants k0 for all three proteins plotted versus
the MPS particle concentration. In spite of some scattering in the
data, the results conﬁrm that the rate constant (k0 ) increases with
increasing particle concentrations for all three proteins. A secondorder rate constant (k) for each protein was obtained from the solid
line slopes in Fig. 5, and the resulting values (see Table 1) show
that k decreases strongly with increasing protein size.
Spectroscopic properties of epicocconone–protein conjugates
Fig. 6 compares the normalized emission spectra of epicocconone dye when bound to the three proteins before they were
immobilized in the MPS particles. The spectra with GOX and BSA
both have a maximum at 605 nm and are essentially superimposable, indicating that the dye is bound in the same way to the two
proteins and in a similar local environment on the protein surface.
The emission spectrum for the epicocconone–MML conjugate is

Fig.4. Bleaching-corrected emission intensity time proﬁles during immobilization
of epicocconone–MML conjugate in the MPS particles and ﬁtting to a single
exponential growth model. Upper panel: Emission traces recorded at particle
concentrations of 0.043 g/L (magenta, top spectrum), 0.036 g/L (cyan, middle
spectrum), and 0.026 g/L (orange, bottom spectrum). Solid lines are ﬁts to Eq. (1),
with the 95% conﬁdence interval for the ﬁts shown as dotted lines Lower panel:
Corresponding residuals obtained by subtracting the ﬁts from the experimental
data. Data in Fig. 3 were corrected for bleaching as described in Materials and
Methods. Protein concentration: 4.5  108 M. (For interpretation of the references
to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)
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Fig.5. Pseudo-ﬁrst-order rate constants k0 versus MPS particle concentration for
GOX (blue inverted triangles), BSA (red circles), and MML (green squares). Solid
lines are least square linear ﬁts. Second-order rate constants k for each protein were
obtained from the slopes using Eq. (S-3b) in the Supplementary material. Protein
concentration: 4.5  108 M. (For interpretation of the references to colour in this
ﬁgure legend, the reader is referred to the web version of this article.)
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Fig.7. Fluorescence emission spectra of epicocconone–GOX conjugate before (curve
a) and after incubation for 180 min, either in the dark with the MPS particles
present (curve b) or absent (curve d) or under the same illumination conditions as
in Fig. 3 with the MPS particles present (curve c) or absent (curve e). Excitation
wavelength: 520 nm.

presence of a dark reaction that bleaches the dye is supported by
comparing the particle-free incubation experiments in Fig. 6
(curves d and e). The intensity of free epicocconone–protein conjugate decreases also in the dark (curve d) but to a smaller extent
than under illumination (curve e).
The results in Fig. 7 indicate that the slow decrease in the emission intensity seen in the particle-free reference in Fig. 3 (black) is
due to a combination of a light-dependent process and a dark reaction, both of which bleach the dye. This interpretation was checked
by subjecting two identical samples of the free epicocconone–GOX
conjugate (no particles) either to continuous illumination as during
kinetic data collection (Fig. 3) or to intermittent illumination to
reduce the degree of light exposure (5 min off/1 min on). The
results in Fig. 8 show that intermittent illumination indeed reduces
the rate of intensity decay, which is consistent with the fact that
epicocconone is subject to photobleaching. However, it is expected
that the dye bleaching should be reduced by approximately 80%
Fig.6. Fluorescence emission spectrum of epicocconone bound to MML (green, top
spectrum), BSA (red, middle spectrum), and GOX (blue, bottom spectrum) before
immobilization of the proteins normalized at the wavelength of maximum intensity
(603 nm for MML, 605 nm for BSA and GOX). Excitation wavelength: 520 nm. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)

slightly blue shifted with a maximum at 603 nm, but the spectrum
is similar enough to the GOX and BSA cases that the ﬂuorescence of
epicocconone is deemed to report on the particle interaction in a
manner that allows the three proteins to be compared.
Bleaching mechanism
Fig. 7 compares the emission spectra of four identical epicocconone–GOX samples (curve a) with spectra recorded after these
samples were incubated for 180 min either under the light conditions used in the collection of the kinetic data (curves c and e) or
in the dark (curves b and d). Comparing spectra c and e shows that
there is a decrease in the intensity of the illuminated samples and
more so in the absence of particles (spectrum e), in agreement with
the intensity time proﬁles for the samples and reference in Fig. 3.
However, spectrum b shows that there is a decrease in intensity
also when the particle incubation is performed in the dark, albeit
to a smaller extent than under illumination (spectrum c). The

Fig.8. Effect of intermittent illumination on epicocconone emission intensity. Two
samples of epicocconone–GOX conjugate (without particles) were exposed to
continuous excitation (red, bottom line) and to intermittent illumination with light
alternatingly off for 5 min and on for 1 min (black, middle line connecting squares
that indicate the time intervals of illumination). The dashed line (green, top)
corresponds to expected intensity decrease if bleaching is purely photoinduced (5/6
reduction of bleaching). (For interpretation of the references to colour in this ﬁgure
legend, the reader is referred to the web version of this article.)
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(the fraction 5/6 that the light is off); see the upper dashed line in
Fig. 8. By contrast, the results in Fig. 7 show that the bleaching of
the dye is reduced by only approximately 50%. These observations
conﬁrm the existence of two parallel bleaching mechanisms where
one does not require light, in contrast to a report [24] that bleaching of epicocconone–protein conjugates is only photoinduced.
Discussion
Mechanism of enhanced emission intensity on particle addition
Fig. 4 shows that the ﬂuorescence emission intensity of the
epicocconone–protein conjugates increases when the MPS particles are added. The presence of the particles may alter the dye ﬂuorescence in at least two ways. The light scattering by the MPS
particles may perturb the spectroscopic measurements, or there
may be a particle effect on the quantum yield of the dye–protein
conjugate when they experience a different microenvironment in
the particle pores compared with the surrounding bulk solution.
The MPS particles scatter light according to Rayleigh [25] or Mie
[26] theory depending on particle size. First, in both cases, scattering effects are expected to appear on the time scale of seconds
needed to mix the added MPS particles in the stirred protein sample, so they cannot explain the slow rise over tens of minutes or
longer in Fig. 4. Second, in contrast to the intensity increase we
observe when the particles are added, both types of scattering
are expected to reduce the detected emission for two reasons.
The number of excitation events is reduced by the lower photon
ﬂux of excitation light reaching the dye, and furthermore the emitted light may also be scattered and not reach the detector. A
related and potentially slow mechanism is a protein-induced
aggregation of the particles, but it is also an unlikely explanation
because an enhanced scattering by such particle aggregates is
again expected to reduce the ﬂuorescence intensity, not to increase
it. Third, binding of the epicocconone–protein conjugates to the
micron-sized particles arguably leads to a nonrandom distribution
of the chromophores in the spectroscopic sample compared with
the homogeneous epicocconone–protein solutions before the
particles are added. Such inhomogeneity on the length scale of
the wavelength of light may have spectroscopic consequences
due to altered absorption statistics, but again the expected effect
on the measured ﬂuorescence is a lower degree of excitation
(and hence emission) due to absorption ﬂattening [27,28] and,
thus, cannot explain an increase in intensity.
A more likely explanation for the enhanced emission is that it
reﬂects a change in the ﬂuorescence quantum yield of the dye
when the labeled proteins interact with the added particles.
Importantly, a different microenvironment inside the MPS
particles will have an effect on the dye ﬂuorescence only once
the epicocconone is brought inside the pores by the proteins (or
possibly in contact with the external particle surface). The time
required for such epicocconone–protein–particle interactions to
occur can explain why the rise in intensity is slow (see Fig. 3)
compared with the essentially instantaneous effects expected from
light scattering. It is also worth noticing that the emission increase
cannot be explained by the particles partially protecting the
immobilized dye–protein from bleaching because then the intensity should still decrease, albeit more slowly. In summary, the
increase in intensity with time in Fig. 4 most likely reﬂects an
increased quantum yield due to the dye-labeled proteins interacting with the added MPS particles.
Fluorescent dyes generally are sensitive to properties of the
local solvent environment such as polarity, pH, and microviscosity
[29], all of which are reﬂected in changes in emission intensity,
spectral shape, or both. In our case, the increase in emission with
time at 605 nm in Fig. 4 is due only to a change in intensity and

not to a shift of the emission spectrum (or else the intensity would
decrease because the monitoring wavelength is no longer at the
emission maximum), which is supported by the retained spectral
shapes between curves a and b in Fig. 2. The results of other studies
based on epicocconone strongly indicate that a different solvent
viscosity inside the pores than outside the particles is the more
likely explanation for the intensity decrease rather than a different
polarity or pH. Studies of epicocconone interacting with cyclodextrins [30] and surfactant assemblies [31] indicate that an enhanced
local viscosity increases the emission intensity with unchanged
spectral shape of the dye, just as we observe in the presence of
the MPS particles, whereas polarity is reported to have no detectable effect on the ﬂuorescence properties of epicocconone. A different pH inside the pores compared with the surrounding solution is
also an unlikely source of the intensity increase because the ﬂuorescent probe SNARF-1 attached to lipase reports that the pH
inside the MPS particles is close to the external pH in the range
used here [12]. The viscosity of water in the pores of MPS particles
has not been studied directly to our knowledge, but both experimental nuclear magnetic resonance (NMR) studies [32] and theoretical simulations [33] show that at least close to the pore wall
the water molecules are slowed down by interactions with the
silica surface. An enhanced local viscosity compared with the
solvent outside the MPS particles, therefore, can be expected when
the epicocconone–protein conjugates have entered the narrow
pores of the MPS particles.
In summary, we ascribe the increase in emission intensity at
605 nm in Fig. 4 to enhanced microviscosity of the local solvent
as the dye–protein conjugates interact with the MPS particles, an
effect that makes epicocconone ﬂuorescence a useful tool to
monitor the protein immobilization in real time. Notably, in this
interpretation the intensity increase itself cannot be used to distinguish between pore entry and adsorption to the outside of the MPS
particles because the microviscosity might be higher than in bulk
solution also close to the external silica surface. Below we show
how the question of pore entry can be addressed by using this
new ﬂuorescence tool for kinetic studies to investigate the effect
of protein size.
Comparison with model for protein–particle interaction
The experimental results in terms of the time proﬁles in Fig. 4
and the effect of particle concentration on the pseudo-ﬁrst-order
rate constants (k0 ) in Fig. 5 can be compared with a simple model
where the protein–particle complex, EP, is formed through the
reaction

E þ P ! EP;

ð2Þ

where E represents free protein and P free binding site in the pores
of the particle or on its external surface. This model treats all of
these binding sites as equivalent, which is clearly a kinetic oversimpliﬁcation because they might not be equally accessible depending
on their location at different depths of the pores, but the model
serves to extract some basic understanding on the protein binding
to the particles from the data in Fig. 5.
The model in Eq. (2) corresponds to a second-order-rate
equation with bimolecular rate constant k:

d½EP=dt ¼ k½E½P:

ð3Þ

If there is an excess of particles (binding sites) compared with
proteins, Eq. (3) has the solution
0

½EP ¼ ½Eo ð1  ek t Þ;

ð4aÞ

where [E]o is the initial concentration of protein and the pseudoﬁrst-order rate constant k0 is predicted to follow
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k ¼ k½Po ;
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ð4bÞ

where [P]o is the initial particle concentration (see Eq. S-3 in
Supplementary material). In terms of the predicted time dependence of the emission intensity, Eq. (4a) is equivalent to Eq. (1) used
in the ﬁtting in Fig. 4 (see Eq. S-4).
There are two notable differences between the experimental
data (Figs. 4 and 5) and the predictions in Eqs. (4a) and (4b). The
small positive deviation early in the residuals of the ﬁts in Fig. 4
indicates that there is a comparatively fast (minutes) binding step,
in addition to the predicted single exponential growth in Eq. (4a),
that describes the data well for long times. Second, the results in
Fig. 5 are in fair accordance with the linear prediction of Eq. (4b),
but the ﬁts do not pass through the origin, which suggests that
the rate-limiting step in the association process is different at
low particle concentrations. These two deviations are probably
due to the assumption [P]o  [E]o that underlies Eq. (4), a condition
that seemingly is not fully met under our current conditions given
that the ﬁnal degree of immobilization is approximately 72 to 80%
rather than 100% (see Fig. 2). In particular, the condition will be
invalid at the lowest particle concentrations, so here we focus on
analyzing the second-order rate constant k obtained from the
linear ﬁts that describe the kinetic data in the range of high particle
concentrations in Fig. 5 and how it is affected by the properties of
the proteins.
The main difference among the three proteins studied here is
most likely their size. The isoelectric points exhibit a less marked
difference, and there is no obvious correlation between the values
of k and the pI values (see Table 1). In fact, all three proteins have a
negative net charge at the pH 6.0 used in the immobilization
experiments, so the binding to the negatively charged silica surface
of the MPS particles probably is driven by interactions other than
electrostatic. Such a multitude of weaker hydrogen bonding and
dispersion forces [5] can be expected to average out and be less
protein speciﬁc, which leads us to assume that size rather than
binding afﬁnity is the most important difference among the three
proteins. It may be noted that BSA has a higher degree of dye
labeling than the other two proteins (Table 1), and because the
neutral epicocconone binds to amine groups on lysine residues
[22] that are positively charged at our pH, the less negative BSA
(higher pI) will in fact approach the net charge of the other two
proteins, making them even more comparable.
All three proteins have an approximate globular shape and are
modeled as spheres with an effective radius equal to the hydrodynamic radius (RH). Fig. 9 shows how the rate constant k depends on
the ratio RH/Rpore, where Rpore is the average pore radius of the MPS
particles (4.6 nm). It is seen that an increased protein size has a
strong retarding effect on the immobilization, with an approximately 25-fold lower rate for GOX compared with MML. The higher
number of epicocconone dyes attached to BSA may lead to a small
increase in its effective size, but if anything such an effect will
move the corresponding data point in Fig. 9 that is based on the
native size of BSA closer to the ﬁtted curve.
The data in Fig. 9 are well described by a scaling law k  R4.7
H
(see curve in Fig. 9), which represents a signiﬁcantly stronger
dependence on protein size than the predicted scaling kd  R1
H
for the bimolecular rate constant (kd) if the reaction between protein and particles is under diffusion control (see Eq. S-6). The much
stronger scaling observed experimentally indicates that the
immobilization at high particle concentrations is not rate controlled by diffusional encounter between protein and particles
but rather is controlled by a process where the rate is more sensitive to protein size. One possible rate-limiting step is then entry of
the protein into the pores of the particles (or their diffusion inside
the pores), which can be expected to be strongly retarded when the
protein radius approaches the average pore radius as in the case of

Fig. 9. Plot of the second-order rate constant k versus the ratio between the
hydrodynamic radii of the proteins (RH) and the pore radius of the MPS particles
(Rpore). The values of k are from the ﬁtted slopes in Fig. 5; error bars are from the
quality of the ﬁts. The curve shows the best power law ﬁt k = aR4.70±0.01
with
H
a = 42.1 min1 (g/L)1.

GOX (RH = 4.5 nm vs. Rpore = 4.6 nm). The effective protein radius
Reff for pore entry (or intrapore diffusion) is probably smaller than
RH if the transport is limited by steric interactions with the pore
walls, but the strong scaling seen in Fig. 9 will remain relevant as
long as Reff is proportional to RH.
Comparison with other methods to monitor immobilization kinetics
In a previous study [6], lipase was immobilized in MPS particles
of the same SBA-15 type used here and with slightly smaller pores
(8.9 nm in diameter). The kinetics was monitored indirectly by
using absorbance spectroscopy to measure the amount of protein
that remained in the surrounding solution (supernatant) at different times. A detailed comparison with the current work is not
possible because approximately 75% of the encapsulation occurred
before the ﬁrst data point (1 h) and the number of time points
were too few to establish a mathematical description of the
association kinetics. However, a qualitative agreement can be
noted because the MPS particle concentration of 0.04 g/L used by
Gustafsson and coworkers [6] is in the lower end of the range
covered here (see Fig. 4) and led to immobilization rates similar
to ours. The comparison also serves to illustrate the advantage of
a direct method that can be used to monitor the immobilization
in real time.
Thörn and coworkers [8] used QCM-D to monitor in real time
the encapsulation of lipase into mesoporous particles that themselves were adsorbed to a macroscopic surface. The association
occurred on a similar time scale as here (a few hours), but again
a quantitative comparison cannot be made because the MPS
particles were of a different pore type (nonhexagonal) than in
the current work. Moreover, in their case the mode of protein
transport to the surface-adsorbed particles is likely to be different
from that in the suspension of MPS particles used here.
Conclusions
The main limitation in the current approach is how to correct
for the bleaching, which we suspect is the main source of the
scattering in the ﬁtted rate constants (k0 ) in Fig. 5. The
photobleaching in particular may be slower inside the particles
than in the particle-free reference sample due to absorption
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ﬂattening, and the nature of the dark reaction needs to be better
understood to improve the correction for the bleaching. Using a
dye that is less prone to bleaching (at least in the dark) may be
another approach to overcome this problem. The bleaching will
have a direct effect on the measurements of the degree of immobilization, which therefore are only estimates, but it is only a secondorder effect in the kinetic measurements and will not affect
our main conclusion that at high particle concentrations the ratelimiting step most likely is the protein entry into the pores.
The lack of agreement between the simple model and the
results at low particle concentrations suggests that other factors,
such as protein transport outside the pores, may inﬂuence the
binding kinetics under these conditions. The deviation in the ﬁts
of the intensity time proﬁles for the ﬁrst few minutes (Fig. 4) also
need to be studied in more detail to investigate the role of binding
to the external particle surface as a potential intermediate state in
the immobilization process. The time resolution in the current
manual mixing protocol is not good enough for processes that
occur on the time scale of minutes or faster and probably need
to be studied by ﬂuorescence-detected stopped-ﬂow methods.
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Supporting material.
1. Effect of MPS particles on the emission spectra of epicocconone/protein conjugates
Figure S-1 shows the changes in the emission spectrum during MPS-incubation with the
epicocconone conjugates of GOX and BSA, the degree of immobilization is comparably high
at 83% for GOX and 75% for BSA.

Figure S-1. Emission spectra of epicocconone conjugates with GOX (left) and BSA (right). (a) free enzyme before
the particles have been added, (b) after illuminated incubation with MPS for 180 minutes, (c) after illumination
for 180 minutes without MPS, and (d) the supernatant after the particles in the sample of curve (b) have been
removed by centrifugation. Excitation wavelength 520 nm. Particle concentration 0.055 g/l, protein concentration
4.5×10-8 M.

2. Experimental fluorescence time-profile with GOX at high particle concentration.
Figure S-2 shows that a significant spike appears in the fluorescence intensity with GOX on the
time scale of minutes upon particle addition at MPS concentrations higher than 0.14 g/l.

Figure S-2. Emission intensity time profile during immobilization of epicocconone/GOX conjugate at a MPS
concentration of 0.292 g/l.

3. Theory for fluorescence time-response during the enzyme-particle association.
Assuming that the formation of the protein/particle complex EP is a second order reaction with
rate constant k gives
d[EP]/dt = k[E][P]

(S-1)

where E and P represents free protein and free binding sites in the particles. The general solution
for the concentration [EP] of immobilized protein at time t is given by1
kt = 1/([P]o-[E]o)·ln{[E]o([P]o-[EP])/[P]o([E]o-[EP])}

(S-2)

where [P]o and [E]o are the initial concentrations of particles and protein, respectively ([P]o≠
[E]o). If it is assumed that the particles provide an excess of binding sites for the proteins
([P]o >> [E]o) the general solution in (S2) can be simplified to
[EP](t) = [E]o(1-exp(-k′t))

(S-3a)

k′ = k([P]o-[E]o) ≈ k[P]o

(S-3b)

where

Equations (S-3) correspond to equations (5) of the main text. Equation (S-3b) predicts that k′ is
proportional to the initial particle concentration with slope k, the second order rate constant.

If the interaction (immobilization) of the dye/protein conjugate with the particles alters the
apparent quantum yield q of fluorescence at the used wavelength by a factor of β, the time
dependence of the resulting emission intensity I is given by (using [E] = [E]o-[EP])
I(t) = q[E] + βq[EP] = q[E]o + (β-1)q[E]o(1-exp(-k′t))

(S-4)

which is equation (2) of main text with Io = q[E]o and A = q(β-1)[E]o.
The bimolecular rate constant kd for diffusion controlled binding of proteins to particles can
estimated as follows. For two spheres in free solution1
kd = 4πNA(Rpart + Rprot)(Dpart + Dprot)

(S-5)

where Dprot and Dpart are the diffusion coefficients for the protein and particles respectively, and
Rprot and Rpart the corresponding radii. The particle radius (average value 500 nm for the MPS
used here) is much larger than the protein radius (RH <5nm for the proteins in this study).
Consequently the diffusion coefficient Dprot can be assumed to be much larger than the diffusion
coefficient of the Dpart, using the diffusion coefficient D = kBT/6πηR of a sphere with radius R
where η is the solvent viscosity, kB is the Boltzmann constant and T is the absolute temperature.
Equation (S-5) then gives
kd= 2RpartkBTNA/3ηRH

(S-6)

which predicts that kd scales as RH -1.
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Abstract
Enzyme immobilization in mesoporous silica particles is used to improve the enzyme function
in biocatalytic application. Here, we used steady state fluorescence anisotropy as a technique
to investigate if immobilized proteins can rotate inside the pores more slowly than the same
proteins in free solution or if the immobilized proteins are adsorbed to the pores walls which in
this case are expected to rotate with the rotation rate of the particles as a single system. The
proteins immobilized in different mesoporous silica particles are lipase and bovine serum
albumin which the fluorescence of their intrinsic aromatic amino acids is used for monitoring
the rotational mobility of the immobilized and the free-solution proteins. Two different
conditions are examined first the effect of relative pore size compared to protein size and second
the effect of different mesoporous particle dimeter and shape on rotational mobility and pore
filling of the proteins. As the results, we discuss that by decreasing the pore size, both proteins
after immobilization rotate more slowly, however, size of the mesoporous particle cannot be an
important factor. Pore filling (Pf) and number of proteins per particle (Nprot) calculated in each
condition show that Pf values can decrease in smaller pore size and the larger particles can
accommodate many more proteins which scales with the linear particle diameter (D) Nprot
∼D2.94+/-0.01 for MML and Nprot ∼D2.95+/-0.01 for BSA which means both proteins are welldistributed in the particles. At the end three different possible mechanisms that retard the
rotational mobility and pore filling are discussed.
Key words: Immobilized enzymes, Mesoporous silica, Fluorescence anisotropy, Rotational
mobility, Pore filling
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1. Introduction
Enzyme immobilization for biocatalytic applications is commonly used to improve enzyme
stability and function, as well as for easy recovery of both product and enzyme (1, 2).
Mesoporous silica (MPS) particle is a common support material for enzyme immobilization
due to advantageous properties such as a large surface area, a narrow pore size distribution, and
high chemical and thermal stability of the particle material. The porous structure allows for
high enzyme loadings and creates a protective environment where the enzymes sometimes can
tolerate elevated temperature and high salt concentration (3). Several spectroscopic studies have
been performed in order to better understand the mechanism behind of the enzyme
immobilization process which is not yet fully understood (4-6). A common indirect method for
studying immobilization is to perform spectroscopic measurements on the solution surrounding
the particles in the form of the supernatant after the particles have been removed by
centrifugation (3, 7). However, some recent studies have introduced spectroscopic methods that
allow for the direct monitoring of the immobilization process. For example, fluorescence
spectroscopy has been used to measure the pH sensed by immobilized proteins inside the pores
of the silica particles, using enzymes which were modified covalently with the fluorescent pHprobe SNARF1 (8) or the pore walls with the dye pyranine (9). More recently we have shown
how a fluorescence spectroscopy assay with dye-labelled proteins can be used to monitor the
whole immobilization process in real time (5). Less is understood regarding the dynamic
behaviour of proteins inside the pores of the particles. This aspect of enzyme immobilization is
of interest for understanding the physical properties of these macromolecules under confining
conditions, including the possible significance of structural fluctuations in the proteins for the
catalysis and enzyme activity of biocatalyst in general (10, 11). Fluorescence anisotropy is an
established spectroscopic technique to investigate the dynamic properties of proteins, making
this method is a powerful tool in biochemical research and medical analysis (12, 13). Two
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examples are the rotational mobility of fluorescent ligands that bind to proteins (14), and
measurements of the hydrodynamic molecular size of (dye-labeled) proteins in bulk solution
including organic solvents (15). However, to our knowledge fluorescence anisotropy has not
been applied in studies of the dynamic behavior of enzymes immobilized in porous particles.
Here we investigate whether fluorescence anisotropy can be used to monitor the rotational
mobility of enzymes inside the particle pores.
Rotation of immobilized proteins may seem like a contradiction in terms, but by immobilization
we mean here that the leakage into the external solution is prevented, a desirable effect in
applications sometimes referred to as encapsulation. Such restrictions on the translational
motion does not necessarily mean that the proteins cannot rotate to a certain degree inside the
pores, depending on the mechanism and strength of the forces responsible for the
immobilization. An illustrative example is when a water soluble proteins such as lipase are
immobilized in water filled pores of mesoporous silica particles suspended in an organic solvent
containing the (lipophilic) substrate of the lipase. The protein is immobilized mainly by its low
solubility in the external phase, by confining forces which do not necessarily restrict its rotation
inside the pores. In fact, the possibility to rotate may be crucial so that the active site can face
the substrate in the external solution.
Our main aim was to develop a technique that allows for investigating if a protein can undergo
rotation inside the pores, albeit possibly more slowly than in free solution, or if the protein is
adsorbed to the pore walls in which case the immobilized enzymes are expected to rotate with
a rate governed by the rotation of the particles as a whole. To this end we use steady state
fluorescence anisotropy of intrinsic aromatic amino acids to monitor the rotational motion of
two different enzymes (lipase and bovine serum albumin) which are immobilized in MPS
particles, and compare with the rotational rate of the same enzymes when free in an aqueous
solution. We investigate the influence of relative pore size compared to protein size by
3

immobilizing the two enzymes into mesoporous silica particles with two different pore radii
but the same particle size and shape. Secondly the two proteins were immobilized into four
types of mesoporous silica particles with the same pore size but different particle diameters and
morphology in order to investigate the effect of particle size and shape on the mobility of the
immobilized enzymes.
As opposed to our previous work (5, 8) no fluorescent labelling was needed since we exploit
the anisotropy of the intrinsic aromatic amino acid residues, with the intention to minimize the
rotation of the chromophore itself by avoiding dyes linked to the protein by a flexible linker.
The proteins studied here contains both tryptophan and tyrosine, but the indole group of
tryptophan residues is the dominant source of absorption and emission in proteins in the near
UV-region. Both tryptophan and tyrosine residues can be excited at 280 nm but the emission
maximum of tryptophan is at 350nm while tyrosine emission is at 300nm and more narrowly
distributed (16). Thus, under our spectroscopic conditions (excitation at 280nm, emission at
350nm) the main contributing chromophore is tryptophan. A challenge is then the
comparatively high turbidity of particle-containing samples at 280 nm compared to the longer
excitation wavelengths available with extrinsic fluorescent protein labels which often are
designed to absorb in the visible region.

2. Materials and methods
2.1.

Chemicals and particles

Lipase (MML from Mucor Miehei) and albumin (BSA from bovine serum) were purchased
from Sigma-Aldrich. The properties of the proteins in this study can be found in table1. No dye
labeling was performed because the tryptophan residues in both MML and BSA were used as
intrinsic fluorescent reporters. If not otherwise stated, the experiments were performed in 0.1M
phosphate citrate buffer (disodium phosphate and trisodium citrate) at pH = 6 and 25ºC
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Table1. Properties of the proteins

Proteina
MML
BSA
a.
b.
c.
d.
e.
f.
g.

M wb
(kD)
32
66

R Hc
(nm)
2.25
3.5

pId
3.8
4.7

ε 280e
-1

τ (Trp)f
-1

(M cm )
42800
43824

(ns)
3.5
6.3

θprot free g
(ns)
23.6
88.8

MML-Mucor Miehei Lipase, BSA-Bovine Serum Albumin
Molecular weight (17, 18)
Hydrodynamic radius (7, 8)
Isoelectric point (17, 18)
Extinction coefficient (7, 8)
Average excited state lifetime of tryptophan residues (19, 20)
Global rotation correlation time for free protein estimated by equation (8).

Mesoporous silica (MPS) particles of types SBA-15 and HMM were a gift of Hanna Gustafsson
(Applied chemistry, Chalmers) and were synthesized as described previously (7, 21). Nitrogen
adsorption was used for characterization the MPS to obtain average pore diameter, specific pore
volume and BET surface area. Four types of mesoporous silica particle with the same pore
radius and different particle diameter were used, as well as two types of particles with the same
particle diameter but different pore size. The properties of the used MPS are summarized in
table 2.
Table 2. Properties of the MPS particles
MPS-Da
Typeb
BJH pore sizec
(nm)

BET surface aread
(m2/g)

Vporee
(cm3/g)

θpartf
(s)

MPS-40

HMM

9.1

463

0.91

8.5⋅10-6

MPS-300

SBA-15

9.4

606

1.03

3.5⋅10-3

MPS-1000

SBA-15

9.3

502

1.18

1.2⋅10-1

MPS-2000

SBA-15

8.9

554

1.17

1.1

MPS-2000

SBA-15

6.0

986

1.08

1.1

MPS-D: Mesoporous silica particles, where D refers to the average particle diameter in nm (7, 21)
b. Type of MPS preparation. HMM: Hiroshima Mesoporous Materials, SBA-15: Santa Barbara Amorphous
a.

c.
d.
e.
f.

(7, 21)
Average pore diameter obtained by the Barret-Joyner-Halenda method (7, 21)
Surface area obtained by the Brunauter-Emmett-Teller method (7, 21)
Total specific pore volume obtained by the nitrogen adsorption-desorption isotherms (7, 21)
Estimated rotational correlation time for particles calculated by equation (6) for a spherical particle, using
the average particle radius Rpart = D/2, see section 2.4.
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The morphology of the particles were investigated by SEM (See Figure 1). It is seen that the
MPS-40 particles (Fig.1a) are essentially spherical, MPS-300 (Fig.1b) and MPS-2000 (Fig.1d)
rod-like, whereas the MPS-1000 particles (Fig.1c) are disc-like in shape.

Figure 1. Morphology of the MPS particles by SEM imaging. (a) MPS-40, spherical particles with slit-shaped
pores without an ordered structure; (b) MPS-300, rod-shaped with hexagonally ordered uniform pores; (c) MPS1000, disc-like with hexagonally ordered pores; (d) MPS-2000, rod-shaped with hexagonally ordered pores (7,
21).

2.2.

Protein immobilization

Aqueous solutions of the MPS were prepared by dispersing 5 mg of dry mesoporous silica
particles in 1ml phosphate-citrate buffer, using vortexing for 10 min at 10 rpm followed by
sonication (Ultrasonic cleaner model CD-4800 at a power of 70 W) for 20 min in order to
dissolve any particle aggregates, and a final step of vortexing for 5min.
Protein-particle samples were prepared by mixing 20µl of MML or BSA stock solution
(20mg/ml in phosphate-citrate buffer) with 200 µl of MPS solutions (5mg/ml) diluted to a final
volume of 500 µl with phosphate-citrate buffer. Each sample contained a total amount of 400
µg enzyme/mg MPS. The samples were then incubated at 25ºC for 48 h during gentle stirring,
6

and then centrifuged for 6 min. The pelleted protein-particles conjugates were re-suspended,
and washed three times with 500 µl of phosphate citrate buffer by repeated centrifugation and
resuspension. The purified MPS particles with immobilized proteins were finally re-suspended
by adding 100 µl of buffer and vortexing for a few minute until homogenous samples were
obtained for the spectroscopic measurements.
The fraction of the added protein which were associated with the particles (degree of
immobilization DOI) and the protein loading PLD (µg protein/mg particle) of the two different
enzymes in each particle type were calculated from the difference between the total added
amount of enzyme and the amount of remaining enzyme in the supernatant after particle
washing, measured by UV absorption at 280 nm using a Varian cary50 spectrophotometer.
The amount of immobilized protein was expressed as the number Nprot of proteins per particle,
calculated as (22)
Nprot = NA⋅PLD⋅Vpart⋅ρpart/MW

(1a)

where NA is Avogadro’s number, Mw the molecular weight of the proteins (Table 1), Vpart is the
average volume per particle assumed to be a sphere with diameter D (Table 2) and ρpart is the
density of the dry porous particles calculated from the particle porosity Φ as

ρpart = ρsilica (1-Φ) = ρsilica (1-Vpore /(Vpore + ρsilica-1))

(1b)

where ρsilica = 2.196g/cm3 is the density of amorphous silica (23). The actual protein
concentration in the pores was expressed in terms of the pore filling Pf defined as the fraction
of the available pore volume which is occupied by proteins, and calculated as
𝑃𝑃𝑓𝑓 = 𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 /𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 =

4𝜋𝜋
3

𝑅𝑅𝐻𝐻3 𝑁𝑁𝐴𝐴 (𝑃𝑃𝐿𝐿𝐿𝐿 /𝑀𝑀𝑊𝑊 )/𝑉𝑉𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝
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(1c)

where Vpore is the total pore volume per gram of the particles (see Table 2), and where the
volume Vprot of protein per gram of particles is calculated assuming each protein is a sphere
with a radius equal to the hydrodynamic radius RH (Table 1).

2.3.

Spectroscopic measurements

When a fluorescent molecule is excited with polarized light, the resulting fluorescence emission
is also polarized, but to a lesser degree due to depolarizing processes including rotational
diffusion of the fluorophore during its excited-state lifetime. Steady state fluorescence
anisotropy (r) is an experimental measure of fluorescence depolarization which can be used to
monitor the rotational mobility of a fluorophore (16). Anisotropy is measured by exciting the
fluorophore with linearly polarized light and measuring the fluorescence intensity both parallel
and perpendicular to the excitation polarization direction. Steady state emission anisotropy
spectra were recorded on a SPEX fluorolog3 spectrofluorimeter (JY Horiba) using Glan
polarizers, excitation was performed at 280 nm and emission recorded in the wavelength range
from 300 to 450 nm. Excitation and emission slit width was 6nm.
The fluorescence anisotropy was calculated as (13)
𝐼𝐼

−𝐺𝐺𝐼𝐼

r = 𝐼𝐼 𝑉𝑉𝑉𝑉+2𝐺𝐺𝐼𝐼𝑉𝑉𝑉𝑉
𝑉𝑉𝑉𝑉

(2)

𝑉𝑉𝑉𝑉

where IXY is the emitted intensity and the subscripts X and Y indicate the polarization directions
of the excitation and emission light, respectively, with H and V referring to horizontal and
vertical, and where the instrumental correction factor G is given by
𝐼𝐼

G = 𝐼𝐼𝐻𝐻𝐻𝐻

(3)

𝐻𝐻𝐻𝐻

Figure 2 shows typical emission spectra recorded for free BSA at the four different
combinations of polarizer directions. Each emission component was corrected for light
scattering by subtracting a spectrum of a protein-free particle sample with the same setting of
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the polarizers. Scattering contributions were minimized by using an excess of added enzyme
(400µg enzyme/mg MPS) in order to ensure high protein loading in the particles. The particles
were washed three times with protein-free buffer before the spectroscopic measurements in
order to remove free and/or loosely bound proteins, and leakage of proteins during the
spectroscopic measurements were monitored and corrected for by measuring free enzyme in
the supernatant obtained by centrifugation after the spectroscopic measurements.

Figure 2. Polarized emission spectra of free BSA with the indicated orientation of the excitation and emission
polarizers.

Figure 3 shows typical results (for the sample with free BSA) in terms of the anisotropy spectra
(r) calculated by equation (2) and the corresponding total intensity (Itot) calculated as (16)
Itot = Ivv+2GIvh

(4)

The anisotropy values presented below for each combination of protein and MPS were taken as
the average value in the range 335-355nm, with the uncertainty calculated from the variation
between 3 and 4 independent experiments.
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Figure 3. Spectra for anisotropy r and total intensity Itot for free BSA calculated from the components in Figure 2
using equations (2) - (4). Solid horizontal black line represents the used average value of the anisotropy.

2.4.

Theory

The fluorescence anisotropy of a fluorophore is a measure of its rotational mobility on the
timescale of the fluorescence lifetime. For a protein with a single fluorophore with lifetime
(τ), the rotational correlation time (θ) is related to the steady state anisotropy (r) through the
Perrin equation (13, 16)
𝑟𝑟

r = 1+0𝜏𝜏

(5)

𝜃𝜃

where ro is the fundamental anisotropy of the fluorophore in the absence of rotational motion,
which for the tryptophan chromophore is ro = 0.3 (13, 16). The value of the lifetime is generally
sensitive to the environment so τ differs slightly between the two proteins studied here (see
Table 1). In addition both proteins contain four tryptophan residues, so the lifetimes in Table 1
correspond to an average value.
For a spherical particle with radius R, the rotation correlation time (θ) in equation (5) is given
by

θ=

4
3

𝜂𝜂 𝜋𝜋𝑅𝑅3

(6)

𝑘𝑘 𝑇𝑇
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where η is the solution viscosity, k is Boltzmann constant and T the temperature. For a dilute
protein solution the viscosity can be approximated by that of pure water ηo= 1.0020 mPa⋅s at
20ºC. For a non-dilute protein solution the rotation is expected to be retarded by interactions
with neighboring proteins. On the nanosecond time scale probed by fluorescence anisotropy the
retardation is mainly due to hydrodynamic interactions (24), steric effects due to collisions with
other proteins only play a role at longer time scales. Banchio and Nägele (25) have investigated
how an increased concentration decreases the short-time rotational diffusion coefficient (Drot )
in a non-dilute solutions of spheres, and by using θ = 1/6Drot (16) their results can be used to
estimate how the rotational correlation time is increased in a non-dilute solution of proteins

θ = θo / (1 − 1.3φ 2)

(7)

where φ is the volume fraction of proteins and θo is the rotational correlation time in the limit
of a dilute solution, obtained from equation (6) with η = ηo.
In the case of a rigidly attached fluorophore, the protein radius R calculated from the anisotropy
measured for (non-immobilized) protein using equations (5) and (6) is expected to be close to
the hydrodynamic radius (RH) obtained by direct hydrodynamic methods such as dynamic light
scattering. It is well established, however, that in the case of tryptophan residues in proteins the
fluorophore undergoes a local segmental motion relative to the protein matrix which contributes
to the depolarization in addition to overall protein rotation (11, 26). Applying the Perrin
equation (5) to the measured anisotropy then gives apparent rotational correlation time θA, and
the corresponding apparent radius (RA) of the protein obtained from equation (6) may then be
smaller than the hydrodynamic radius, because a fraction of the total anisotropy is lost due to
the segmental motion of the tryptophan fluorophore itself and the protein appears to rotate
faster. The correlation time (θprot) for the global protein rotation can be estimated (11, 27) by
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using the know hydrodynamic radii RH of the proteins (Table 1) in a modified version of
equation (6)

θprot = f

4
3

𝜂𝜂 𝜋𝜋𝑅𝑅𝐻𝐻 3

(8)

𝑘𝑘 𝑇𝑇

where f is a factor depending on the shape and hydration of the protein, for globular proteins
assuming the value f = 2. For free MML and BSA the so predicted values of θprot under our
conditions are 23.6 and 88.8 ns, respectively (See Table 1).
In our system of proteins immobilized in porous particles an additional process that potentially
affects the anisotropy is rotation of the whole MPS particle, occurring with a rotational
correlation time we denote θpart. For example, in the case of a protein which is strongly adsorbed
to the pore wall the rate of rotation will be zero relative to a coordinate system fixed to the
particle (θprot = ∞), but the protein my still rotate as a consequence of the rotation of the particle.
A useful approach to analyze the combined effect of the three potential depolarizing processes
(local tryptophan rotation, global protein rotation and particle rotation) is the approach
presented by Solleilet (28). If the three types of rotation are assumed to occur independently the
total anisotropy can be written as a product of three corresponding depolarizing factors di (26)
r = ro⋅dTrp⋅dprot⋅dpart = ro⋅[1+τ /θTrp]-1⋅[1+τ /θprot]-1⋅[1+τ /θpart]-1

(9)

The rotational correlation time θpart for the particle can be estimated by using (6) with the
particle radius Rpart = D/2 where D is the average particle diameter (See Table 2). Even for the
smallest particles studied here (MPS-40) the rotation time θpart is as long as 8.5 µs (Table 2), so
dpart = 1 in equation (9) since τ is only a few ns. It means that all particles studied here can be
viewed as non-rotating on the time scale of the tryptophan fluorescence lifetime. Disregarding
for the moment the potential tryptophan segmental motion (i.e. setting dTrp = 1 in equation (9)),
the anisotropy is given by r = ro⋅ dprot. If the protein is adsorbed rigidly to the pore wall (or to
12

the external particle surface) dprot = 1 and the predicted value of the anisotropy is then r = ro =
0.3. Below we discuss the potential contribution to the measured anisotropy from segmental
motion of the tryptophan residues, in addition to the overall protein rotation.

3. Results and discussion
We use fluorescence anisotropy to monitor the rotation of the proteins, lipase (MML) and
albumin (BSA) when they are inside the pores of the MPS particles in Table 2, with the aim to
compare with their rotation rates in free solution. Since the rotational motion in the pores may
be retarded if the immobilized protein concentrations are non-dilute (equation (7)) we have also
measured the amount of protein taken up by the particles. Finally we discuss three possible
mechanisms behind the change of anisotropy in the presence of the particles.

3.1.

Fluorescence anisotropy

The two types of MPS-2000 particles in Table 2 were used to study the effect of pore size,
whereas the four MPS-samples with approximately the same pore diameter (8.9 – 9.3 nm) were
used to investigate the effect of particle size and shape (See Figure1) for a given pore size.
Effect of pore size. Table 3 compares the measured steady state anisotropy (r) of free protein
with the same protein when immobilized in MPS-2000 particles of two different average pore
sizes. The first observation is that both MML and BSA exhibit an anisotropy in the presence of
the particles which is significantly higher compared to the same enzyme in free solution (given
the uncertainty ±0.01 in the r - values), which indicate a slower protein rotation inside the pores,
or possibly due to adsorption on the external particle surface. (Non-immobilized protein has
been removed by our washing protocol, see Methods). Secondly, the anisotropy in the presence
of the particles is significantly lower than the limiting value of ro = 0.3 which would be expected
if the proteins are rigidly bound to the pore walls or external particle surface (due to the slow
rotation of the particles themselves, see Theory).
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Table 3. Fluorescence anisotropy of free and immobilized proteins in particles with different pore
size

MML

a.
b.
c.
d.

BSA

0.06

θA d
(ns)
0.87

0.09

θA d
(ns)
2.73

4.5

0.17

4.58

0.18

9.45

3.0

0.21

8.17

0.24

25.20

Particle
type
Free
proteina
MPS-2000

Rporeb
(nm)
----

MPS-2000

rc

rc

Protein in particle-free buffer solution.
Pore radius
Measured steady state anisotropy. The uncertainty is ±0.01 as calculated from the variation
between 3 to 4 independent experiments.
Apparent rotational correlation time calculated from steady state anisotropy (r) by equation
(5).The uncertainty is ±0.2ns from the variation between 3 to 4 independent experiments.

The observed r-values are intermediate between free and fully adsorbed proteins, which
strongly indicates that the proteins do undergo some depolarizing motion inside the pores, but
which is retarded compared to the free protein. This interpretation is supported by the
observation that for a given protein the anisotropy is higher in the more narrow pores, as
expected since stronger confinement is likely to affect the motion more strongly. We also note
that non-immobilized MML has a lower anisotropy value than free BSA, consistent with that
the smaller MML (RH = 2.25 nm) rotates faster in free solution than BSA (RH = 3.5 nm) in
agreement with well-established results. Taken together these observations indicate that
tryptophan fluorescence anisotropy can be used for studying the rotation of immobilized
enzymes in a manner similar to free proteins.
Effect of particle type and size. Table 4 shows the anisotropy for MML and BSA when they
are immobilized in MPS particles with different size but approximately the same pore size, Rpore
= (4.6±0.2) nm. Again it is seen that with all four types of MPS particles studied here the
immobilized MML and BSA have significantly higher anisotropy values compared to the same
free enzymes, consistent with that immobilization reduces the rotational motion of both MML
and BSA.
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Table 4. Fluorescence anisotropy of proteins immobilized in different particles types with the same
pore size

MML

a.
b.
c.
d.

BSA

0.06

θA d
(ns )
0.87

0.09

θA d
(ns )
2.73

0.23

11.5

0.18

9.45

MPS-300

0.30

-----

0.27

56.70

MPS-1000

0.15

3.50

0.16

7.24

MPS-2000

0.17

4.58

0.18

9.45

Particle
type a
Free
proteinb
MPS-40

rc

rc

MPS-D where D is the average particle diameter in nm. The pore radius is approximately the same
at 4.6+/-0.2 nm (for exact values see Table 2)
Protein in particle-free buffer solution
Measured tryptophan steady state anisotropy. The uncertainty is ±0.01 as calculated from the
variation between 3 to 4 independent experiments.
Apparent rotational correlation time calculated from anisotropy by equation (5). The uncertainty is
±0.2ns from the variation between 3 to 4 independent experiments.

In Table 4, there is no trend in the anisotropy values with particle size, in accordance with that
even the smallest particles are too large to undergo any depolarizing rotation during the
tryptophan fluorescence lifetime (θpart >> τ). The difference in anisotropy between different
particle types is, therefore, most likely due to their different morphology, or possibly to
differences in protein-particle interaction strength. Interestingly, in MPS-300, MML exhibits
the limiting anisotropy value ro = 0.3, indicating essentially non-moving proteins, and BSA
gives almost the same value (r =0.27) in the same type of particle. For the other particle types
in Table 4, the measured anisotropy is in an intermediate range (0.15-0.23) which again
indicates that the proteins are able to rotate inside the pores, albeit more slowly than in free
solution. Figure S1 summarizes the combined data of Tables 3 and 4 in terms of the measured
anisotropy vs ratio between protein and pore average radii, and the overall results suggest that
the anisotropy tends to increase with relative pore narrowness, and that MPS-300 seemingly
deviates from this trend.
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3.2.

Protein loading and pore filling

The amount of immobilized proteins in porous particles is commonly expressed as the mass of
protein bound per gram of (dry) particles, or protein loading (PLD). Table 5 shows the degree
of immobilization DOI (the fraction of the added proteins which remain bound to the particles),
and the resulting protein loadings obtained for all the combinations of proteins and particles in
this study.

Table 5. Protein loading in the MPS particles

MML
Particle
typea
MPS-40

Rporeb
(nm)
4.5

DOIc
(%)
72

PLDd
(µg/mg)
288

MPS-300

4.7

75

MPS-1000

4.6

MPS-2000
MPS-2000
a.
b.
c.
d.
e.

BSA

0.284

DOIc
(%)
84

PLDd
(µg/mg)
336

0.604

300

0.261

87

348

0.553

70

280

0.213

85

340

0.472

4.5

71

284

0.218

84

336

0.470

3.0

63

252

0.209

38

152

0.230

Pfe

Pfe

MPS-D, where D indicates average particle diameter in nm (see Table 2).
Average pore radius
Degree of immobilization, fraction of added proteins which were immobilized.
Protein loading (µg protein per mg of dry particles)
Pore filling from equation (1).

It is seen from Table 5 that the DOI-values are essentially constant (72±2% for MML and
85±2% for BSA) for the four different particle types with a pore radius of 4.5-4.7 nm. That the
particle size has little influence on protein loading has been reported before (21), although the
amount of loaded protein obtained here is higher probably because the added amount of protein
per particle was four times higher than in the previous study (7, 21). We have not determined
the full binding isotherms for the immobilization, but the DOI-numbers in Table 5 suggest that
this set of particles are saturated with protein under our conditions. The high loading of both
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proteins shows that the pore size of around 4.5 nm is suitable for immobilization of proteins in
the present size range, probably because the hydrodynamic radius of MML and BSA are smaller
than but comparable to the pore size. It has also been reported that the pore size is important
for enzymatic activity, and Rpore = 4.4nm was found to give both high loading and high
enzymatic activity for MML (7).
When comparing the two types of MPS-2000 particles, the degree of immobilization and
protein loading is considerably lower for the particles with the smaller pore size, especially for
the larger BSA. In the case of MML this observation is in agreement with a previous study with
the same type of particles (7) and consistent with that less space is available inside the MPS
with the smaller pore diameter. Nominally BSA (RH = 3.5 nm) is too large to enter these smaller
pores (Rpore = 3.0 nm) so a low protein loading is expected. However, complete exclusion from
the pores and only binding to the external surface seems unlikely for two reasons. Firstly, if the
proteins are only immobilized by binding to the external surface their anisotropy is expected to
be 0.3 (as is observed with MPS-300 in Table 4), and the significantly lower value of 0.24±0.01
(Table 3) indicates the presence of some protein mobility which is seemingly inconsistent with
permanent adsorption (although internal protein dynamics may still cause some depolarization).
Secondly, the amount of immobilized protein (152 µg/mg) would correspond to roughly 8
layers of close-packed proteins bound on the external surface of the 2000nm particles (results
not shown). The driving force for such a protein-protein driven immobilization is unclear, and
should occur also with the other particle types. In fact, with an experimental width in the pore
size distribution of typically 10% of the mean pore size (7) the particles can be expected to
contain a fraction of pores large enough to house the BSA, especially considering that the
effective size of BSA in terms of its density is Reff = 2.7nm (29). For the larger pore size (mean
value 4.5 nm) almost the whole pore distribution is accessible also to BSA, consistent with the
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two-fold higher loading (336 µg/mg) which is the same as for the smaller particles with the
same pore size.
The rotational diffusion of a protein solution is expected to be retarded by high protein
concentrations, as described by equation (7) in terms of the protein volume fraction φ. It is then
illustrative to use equation (1a) to convert the protein loading values into pore filling (Pf), which
shows how large fraction of the pore volume that is occupied by the immobilized proteins. The
Pf -values presented in Table 5 shows that generally MML fills a significantly smaller fraction
of the available pore volume (volume fraction φ = 20-30%) than BSA (φ = 50-60%).
The results on the degree of pore filling is best understood in terms of the average number of
proteins per particle Nprot (see Table 6) calculated by applying equation (1b) to the data in Table
5. It is seen that for the MPS-40 there is only about 100 protein per particle on the average, and
that Nprot increases with increasing particle size as expected.
Table 6. Average number of proteins per particle

Nprota
Particle
typeb
MPS-40
MPS-300
MPS-1000
MPS-2000
MPS-2000
a.
b.
c.
d.

Rporec
(nm)
4.5
4.7
4.6
4.5
3.0

MML

BSA

MML/BSAd

133
5.4⋅104
1.7⋅106
1.4⋅107
1.3⋅107

75
3.0⋅104
9.9⋅105
7.9⋅106
3.8⋅106

1.77
1.78
1.70
1.74
3.42

Average number of proteins per particle from equation (1b) and data in Table 5
MPS-D, where D indicates average particle diameter in nm
Pore radius
Ratio of number of MML and BSA proteins per particle.

From Table 6 it is seen that the number of MML per particle is a factor of 1.75+/-0.03 higher
than for BSA for all the four particle types with the large (4.6 nm) pores, explaining the higher
pore filling with BSA since the volume of each BSA is 3.8 times larger compared to the MML
molecule and therefore is more efficient at filling the pores. In a deviation from this overall
pattern BSA has a pore filling of only 23% in the MPS-2000 particles with the small pores and
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thereby nearly as low as for MML, which is due to that the number of MML is now about 3.4
higher than BSA, almost exactly compensating for its smaller volume per protein. The highest
volume fractions measured here (0.6) is below but approaching the theoretical upper limit for
close packing of spheres in a cylindrical pore (0.67), but more detailed comparison with theories
for packing of proteins (spheres) in particle pores (reviewed in Carlsson et al (22)) need more
extensive characterization of the immobilization binding isotherms.
Figure 4 shows a plot of the values of Nprot for all particles in Table 6 versus particle size, and
the strong increase shows that the larger particles accommodate many more proteins. In fact,
the inset in Figure 4 shows that the number of protein per particle (with the same pore size)
scales with the linear particle size D as Nprot ∼D2.94+/-0.01 for MML and Nprot ∼D2.95+/-0.01 for BSA.
The nearly cubic scaling (i.e scaling with particle volume) supports the proposal that under our
immobilization conditions both proteins essentially saturate the particle, and secondly that they
are evenly distributed which justifies that the average experimental Pf -values (Table 5) can be
used for the volume fraction (φ ) in equation (7).

Figure 4. The average number of proteins per particle for MML (squares) and BSA (circles) versus the average
particle diameter D, for pore radius 4.6+/-0.2 nm (solid symbols; curves are guide to eye) and 3.0nm (open). Inset:
Double logarithmic plot for data with 4.6 nm pore radius where straight lines are least square linear fits giving
slopes 2.94+/-0.02 for MML and 2.95+/-0.01 for BSA.

19

Mechanisms of enhanced protein anisotropy in the pores.
The enhanced protein anisotropy in the presence of the particles (Tables 3 and 4; Figure S1)
reveals a retardation of either the rotational motion of the whole protein or the local motion of
the tryptophan residues (depolarization factors dprot and dTrp in equation (9) respectively), or
both. In the steady state anisotropy technique employed here these two contributions are
convoluted into an apparent rotational correlation time (θA) which is significantly larger in the
pores than for free protein (Table 3 and 4), an observation which just reflects the anisotropy
results in terms of a time scale. Here we will discuss three possible mechanisms of retardation
in the pores, and while noticing that all of them may affect also the internal tryptophan motion
we focus on the global rotation in an attempt of a semi-quantitative evaluation of the relative
importance of the three mechanisms. A fully quantitative comparison with the underlying
theories will require time-resolved anisotropy measurements, which can be used to resolve the
two types of motion (11) because the local tryptophan motion occurs on considerably shorter
time scales (a few ns) than for overall rotation of proteins which is estimated to occur over tens
of ns for the two proteins studied here (see θprot free in Table 1).
One obvious retardation mechanism is that protein rotation is fully hindered due to permanent
attachment to the pore wall, but then an anisotropy of 0.3 is expected because the particles used
here are in effect stationary on the time scale of tryptophan fluorescence lifetime. The
anisotropies we measure are significantly lower, except for MML in MPS-300 (Table 4). For
this particle type wall-adsorption cannot be ruled out, and interestingly Gustafsson et al have
noted a different activity of lipase in these type of particles (21) perhaps due to a different type
of interaction with the pore walls. Both proteins are negatively charged at the pH 6 used here,
so the electrostatic interaction with the negatively charged silica pore wall plays approximately
the same role for a given protein. For the other particle types it seems another retarding
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mechanism needs to be invoked, although presently we cannot fully exclude permanently
adsorbed protein which retain some local tryptophan depolarizing motion.
A second possibility is retardation of protein rotation by protein-protein (hydrodynamic)
interactions at the high degree of pore filling we observe (Table 5), and according to equation
(7) the maximum expected retardation by this mechanism is for BSA in MPS-40 (φ = 0.604 in
Table 5) and then by a factor of 1.6. The measured retardation factor for θA compared to free
BSA is about twice as high at a factor of 3.5 (Table 4). Furthermore, the slight but monotonously
decreasing pore filling seen with both MML and BSA with increasing particle size (at constant
pore size; Table 5) is not reflected in a similar trend of monotonously decreasing anisotropy
values (Table 4). Finally, for both MML and BSA the anisotropy is higher in the more narrow
pores (Table 3) even though the pore filling is lower (Table 5). It therefore seems unlikely that
a protein-protein induced retardation of the overall rotation in the pores by itself can explain
the enhanced anisotropies we observe in the presence of the particles. Notably equation (7) does
not include potential effects of hydrodynamic protein-protein interactions on the internal
protein dynamics in non-dilute solutions. Such effects have not been studied under present
ambient conditions to our knowledge, but it is interesting that enhanced protein-protein
interactions at elevated pressures tend to partly quench internal motion in lysozyme (30). An
indirect effect of high protein concentration is the possibility of formation of dimers (or higher
protein aggregates) which result in enhanced anisotropy due to an increased radius in equation
(6). However, a quasi-elastic neutron scattering study of BSA translational diffusion in nondilute solutions (29) showed no indication of dimer formation at least up to protein volume
fractions of 0.35, since the results were well described by monomer diffusion retarded by
protein-protein hydrodynamic interactions. The results were corrected for a contribution to the
neutron scattering from rotational diffusion, but unfortunately no results on the effect of protein
crowding on BSA rotation was presented.
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A third possible retarding mechanism is hydrodynamic interactions with the pore walls, which
according to the theoretical work by Jones for a spherical particle confined between two planar
walls (31) typically affect particle diffusion up to a few particle radii from the pore wall and
hence can be expected to play a role in our system since protein and pore radii are comparable.
Importantly such a mechanism will operate even if the protein solution in the pores is dilute,
and thus may not necessarily be in conflict with our observed (lack of) trends in anisotropy with
the degree of pore filling. Jones (31) finds that rotational diffusion is considerably less retarded
than translation however, so even very close to the wall in a channel twice as wide as the particle
diameter (corresponding to D/2RH = 2 in our system) the rotational diffusion coefficient Drot is
lower than in free solution only by a factor of about 0.5-0.8 (depending on the orientation of
the rotation axis relative to the surface). This prediction is in qualitative agreement with a
resonance enhanced dynamic light scattering study of gold rods near a solid surface (32), where
Drot is reported to be lower by a factor of about 0.5 compared to the same particle far from the
surface. Converted into the average rotational correlation time we measure by fluorescence
anisotropy the prediction by Jones corresponds to an increased θrot by a factor of about 1.7, and
hence less than the increase in θA by a factor of 0.17/0.06 = 2.8 we observe in the case of MML
in the wider pores (Table 3) for which situation the relative pore width D/2RH = 2 is the same
as the relative slit width used by Jones. Notably, our proteins will most likely be radially
distributed in the pore at the moment of excitation so the ensemble averaged retardation of the
rotation will be weaker than predicted closest to the wall, but this effect will be partially offset
by the fact that in a cylindrical pore they are surrounded by walls on all sides in contrast to the
slit model used by Jones. Hence, also the wall-particle interaction model underestimates the
retardation slightly, but again we note that the model by Jones (31) does not include the effect
of hydrodynamic interactions with a solid surface on the internal dynamics of a protein. Such
effects have to our knowledge not been studied for proteins immobilized in rigid pores, but
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Simorellis and Flynn (33) have used NMR relaxation measurements to study the internal
dynamics of ubiquitin encapsulated in AOT/water reversed micelles with a water pool diameter
of about 8.5 nm (34), and thus comparable to our largest pore diameters. They report that such
nanometer scale confinement of the protein retards the motion of particularly flexible residues
also on the ns time scale probed by fluorescence, albeit unfortunately without information
regarding the particular case of tryptophan residues which is lacking in human ubiquitin.

4. Conclusion
At the present level of experimental accuracy the comparison with possible retardation
mechanisms indicates that the magnitude of the retardation is slightly larger than predicted by
hydrodynamic interactions between protein and pore wall, as well as between the proteins
themselves at the non-dilute concentrations we measure in the pores. One possibility is that
both mechanisms contribute, in fact a coupling of the two types of hydrodynamic interactions
would not be surprising in the narrow pores, but verification will require further studies by timeresolved anisotropy (to ascertain the effect of immobilization on internal protein motion)
performed in a range of volume fractions (to ascertain the role played by protein-protein
interactions). The combined immobilization effects on global and internal protein dynamics
are complicated, but understanding them separately may help to explain how immobilization in
MPS may affect enzymatic activity in as much as the activity depends on how free the protein
is to undergo local dynamics.

5. Acknowledgements.
Hanna Gustafsson is thanked for synthesis and characterization of all the MPS particles. A
Linnaeus grant SUPRA to B.Å from the Swedish Research Council is thankfully
acknowledged.

23

References:
1.
Lee C-H, Lin T-S, Mou C-Y. Mesoporous materials for encapsulating enzymes. Nano Today.
2009;4(2):165-79.
2.
Lei CH, Shin YS, Liu J, Ackerman EJ. Entrapping enzyme in a functionalized nanoporous
support. Journal of the American Chemical Society. 2002;124(38):11242-3.
3.
Hudson S, Cooney J, Magner E. Proteins in Mesoporous Silicates. Angew Chem-Int Edit.
2008;47(45):8582-94.
4.
Lei CH, Soares TA, Shin YS, Liu J, Ackerman EJ. Enzyme specific activity in functionalized
nanoporous supports. Nanotechnology. 2008;19(12):9.
5.
Nabavi Zadeh PS, Mallak KA, Carlsson N, Åkerman B. A fluorescence spectroscopy assay for
real-time monitoring of enzyme immobilization into mesoporous silica particles. Analytical
biochemistry. 2015;476:51-8.
6.
Thorn C, Gustafsson H, Olsson L. QCM-D as a method for monitoring enzyme immobilization
in mesoporous silica particles. Microporous and Mesoporous Materials. 2013;176:71-7.
7.
Gustafsson H, Thörn C, Holmberg K. A comparison of lipase and trypsin encapsulated in
mesoporous materials with varying pore sizes and pH conditions. Colloids and Surfaces B:
Biointerfaces. 2011;87(2):464-71.
8.
Thörn C, Carlsson N, Gustafsson H, Holmberg K, Åkerman B, Olsson L. A method to measure
pH inside mesoporous particles using protein-bound SNARF1 fluorescent probe. Microporous and
Mesoporous Materials. 2013;165:240-6.
9.
Yamaguchi A, Namekawa M, Kamijo T, Itoh T, Teramae N. Acid−Base Equilibria inside AmineFunctionalized Mesoporous Silica. Analytical chemistry. 2011;83(8):2939-46.
10.
Careri G, Fasella P, Gratton E. Enzyme Dynamics: The Statistical Physics Approach. Annual
Review of Biophysics and Bioengineering. 1979;8(1):69-97.
11.
Lakowicz JR, Maliwal B, Cherek H, Balter A. Rotational freedom of tryptophan residues in
proteins and peptides. Biochemistry. 1983;22(8):1741-52.
12.
Jameson DM, Ross JA. Fluorescence Polarization/Anisotropy in Diagnostics and Imaging.
Chemical Reviews. 2010;110(5):2685-708.
13.
Lakowicz JR. Fluorescence spectroscopic investigations of the dynamic properties of proteins,
membranes and nucleic acids. Journal of Biochemical and Biophysical Methods. 1980;2(1–2):91-119.
14.
Ingersoll CM, Strollo CM. Steady-State Fluorescence Anisotropy To Investigate Flavonoids
Binding to Proteins. Journal of Chemical Education. 2007;84(8):1313.
15.
González Flecha FL, Levi V. Determination of the molecular size of BSA by fluorescence
anisotropy. Biochemistry and Molecular Biology Education. 2003;31(5):319-22.
16.
Lakowicz JR. Principles of Fluorescence Spectroscopy. 3rd ed. Baltimor, USA: Springer; 2006.
17.
Wu XY, Jaaskelainen S, Linko YY. Purification and partial characterization of Rhizomucor
miehei lipase for ester synthesis. Appl Biochem Biotechnol. 1996;59(2):145-58.
18.
Hirayama K, Akashi S, Furuya M, Fukuhara K. Rapid confirmation and revision of the primary
structure of bovine serum albumin by ESIMS and Frit-FAB LC/MS. Biochemical and biophysical
research communications. 1990;173(2):639-46.
19.
Graupner M, Haalck L, Spener F, Lindner H, Glatter O, Paltauf F, et al. Molecular Dynamics of
Microbial Lipases as Determined from Their Intrinsic Tryptophan Fluorescence. Biophysical Journal.
1999;77(1):493-504.
20.
Joshi NV, Joshi VOd, Contreras S, Gil H, Medina H, Siemiarczuk A, editors. Fluorescence
lifetime measurements of native and glycated human serum albumin and bovine serum
albumin1999.
21.
Gustafsson H, Johansson EM, Barrabino A, Odén M, Holmberg K. Immobilization of lipase
from Mucor miehei and Rhizopus oryzae into mesoporous silica—The effect of varied particle size
and morphology. Colloids and Surfaces B: Biointerfaces. 2012;100(0):22-30.
22.
Carlsson N, Gustafsson H, Thörn C, Olsson L, Holmberg K, Åkerman B. Enzymes immobilized
in mesoporous silica: A physical–chemical perspective. Advances in Colloid and Interface Science. (0).
24

23.
Haynes WM, Lide DR. CRC handbook of chemistry and physics : a ready-reference book of
chemical and physical data. Boca Raton, Fla.: CRC Press; 2011.
24.
Ando T, Skolnick J. Crowding and hydrodynamic interactions likely dominate in vivo
macromolecular motion. Proceedings of the National Academy of Sciences. 2010;107(43):18457-62.
25.
Banchio AJ, Nägele G. Short-time transport properties in dense suspensions: From neutral to
charge-stabilized colloidal spheres. The Journal of Chemical Physics. 2008;128(10):104903.
26.
Lakowicz JR, Freshwater G, Weber G. Nanosecond segmental mobilities of tryptophan
residues in proteins observed by lifetime-resolved fluorescence anisotropies. Biophys J.
1980;32(1):591-601.
27.
B. Massey J, Churchich JE. Nanosecond spectroscopy of a dimeric enzyme: plasma amine
oxidase. Biophysical Chemistry. 1979;9(2):157-62.
28.
Soleillet P. Sur les parametres caractérisant la polarisation partielle de la lumiere dans les
phénomenes de fluorescence: Ann.Phys.Biol.Med; 1929.
29.
Roosen-Runge F, Hennig M, Zhang F, Jacobs RMJ, Sztucki M, Schober H, et al. Protein selfdiffusion in crowded solutions. Proceedings of the National Academy of Sciences.
2011;108(29):11815-20.
30.
Erlkamp M, Marion J, Martinez N, Czeslik C, Peters J, Winter R. Influence of Pressure and
Crowding on the Sub-Nanosecond Dynamics of Globular Proteins. The Journal of Physical Chemistry
B. 2015;119(14):4842-8.
31.
Jones RB. Rotational diffusion of colloidal particles near confining walls. The Journal of
Chemical Physics. 2005;123(16):164705.
32.
Haghighi M, Tahir MN, Tremel W, Butt H-J, Steffen W. Translational and rotational diffusion
of gold nanorods near a wall. The Journal of Chemical Physics. 2013;139(6):064710.
33.
Simorellis AK, Flynn PF. Fast Local Backbone Dynamics of Encapsulated Ubiquitin. Journal of
the American Chemical Society. 2006;128(30):9580-1.
34.
Kinugasa T, Kondo A, Nishimura S, Miyauchi Y, Nishii Y, Watanabe K, et al. Estimation for size
of reverse micelles formed by AOT and SDEHP based on viscosity measurement. Colloids and
Surfaces A: Physicochemical and Engineering Aspects. 2002;204(1–3):193-9.

25

