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Immobilization of Proteins in Silica Gel: Biochemical and Biophysical Properties
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Abstract: The development of silica-based sol-gel techniques compatible with the retention of protein structure
and function started more than 20 years ago, mainly for the design of biotechnological devices or biomedical appli-
cations. Silica gels are optically transparent, exhibit good mechanical stability, are manufactured with different
geometries, and are easily separated from the reaction media. Biomolecules encapsulated in silica gel normally re-
tain their structural and functional properties, are stabilized with respect to chemical and physical insults, and can
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sometimes exhibit enhanced activity in comparison to the soluble form. This review briefly describes the chemistry of protein encapsula-

tion within the pores of a silica gel three-dimensional network, the mechanism of interaction between the protein and the gel matrix, and

its effects on protein structure, function, stability and dynamics. The main applications in the field of biosensor design are described.

Special emphasis is devoted to silica gel encapsulation as a tool to selectively stabilize subsets of protein conformations for biochemical

and biophysical studies, an application where silica-based encapsulation demonstrated superior performance with respect to other immo-

bilization techniques.
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1. INTRODUCTION

Proteins are biological macromolecules that carry out a wide
range of functions in all kingdoms of life: i) enzymes react with
specific substrates and catalyze anabolic and catabolic reactions; ii)
antibodies selectively recognize and bind antigens; iii) carriers and
receptors transport a variety of ligands through different body dis-
tricts, tissues and cells, recognize specific signals and trigger inter-
and intra-cellular signaling cascades; iv) proteins with structural
and mechanical roles provide scaffolding and shape to cells and
organelles; v) molecular motors are used by eukaryotic cells to
transport various intracellular cargos along cytoskeleton polymers.
All these functions require structural dynamics, and the fine tuning
of the equilibrium among alternative structures, often separated by
tiny free energy differences (Fig. 1). Indeed, as a consequence of
the required flexibility, protein native state(s) are intrinsically la-
bile, being stabilized over inactive, denatured states by only a few
tens of kcal/mole. Such lability is the main challenge to overcome
when trying to encapsulate proteins in organic or inorganic polym-
eric matrices for the biotechnological exploitation of their attractive
properties of specificity and efficiency [1].

This review will focus on functional properties and applications
of proteins immobilized in the pores of silica gel three-dimensional
matrices, and will not cover the use of silica gel supports for surface
binding of proteins, nor the expanding field of organic-modified
silica gels. Encapsulation of proteins in silica gels prepared through
the sol-gel method began in the 1990s [2-4]. Although there are
reports indicating reversible, protocol-dependent changes in the
secondary structure of some proteins and model peptides [5-7],
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proteins encapsulated in silica gels normally retain their native con-
formation and spectroscopic properties. Function can be retained
completely or partially, or even increased when the gel matrix stabi-
lizes active conformations and/or provides a favorable environment
for enzyme catalysis.

Major advantages of silica gel as a matrix for protein immobili-
zation are [8-12]:

- relatively fast and cheap chemistry;

- mild pH and temperature conditions, compatible with reten-
tion of protein structure and function;

- flexible chemical protocols, allowing the use of a variety of
additives and precursor molecules;

- flexible geometry of the devices, ranging from monoliths to
bi- and multi-layers, powders, nano and microparticles, with vari-
able degree of humidity (wet gels, xerogels, acrogels);

- tunable pore size; nanoporous silica gels immobilize large
biomolecules while letting small molecules such as reagents or
analytes to diffuse freely into the matrix [9, 13, 14];

- optical transparency, allowing to exploit several spectroscopic
techniques for the characterization of the encapsulated molecules or
for biosensor applications;

- possibility of separation of the protein-doped silica matrix
from the reaction medium.

Given these advantages, and the normally good retention of bio-
logical activity of the entrapped biomolecules, silica gels have been
used for now more than 20 years to immobilize proteins, peptides,
nucleic acids and even whole live cells for the development of bio-
technological devices (bioreactors, biosensors, separation and pho-
tonic devices) [8-10, 12, 13, 15-18] or for biomedical applications
(biomaterials, biosensors and systems for production, screening and
controlled delivery of bioactive compounds [19-22]). Furthermore,
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Fig. (1). Pictorial representation of a protein energy landscape, where each well corresponds to a stable conformation. The energy required to pass from one

well to another is close to the thermal energy.

differently from other polymeric matrices used for protein encapsu-
lation, silica gels have been widely exploited in biophysical studies,
thanks to their optical transparency, and their capability to isolate
and stabilize defined protein tertiary and quaternary states by inhib-
iting or decreasing the rate of conformational changes. In this re-
view, special attention will be devoted to the latter aspect, both
because it represents a unique aspect of silica gels with respect to
other matrices exploited for protein immobilization, and because it
is the field of much of the experimental activity in our own labora-
tories.

2. PROTEIN ENCAPSULATION IN SILICA GELS

Encapsulation in silica gels normally preserves the functional
properties of biological macromolecules, such as proteins, peptides
and nucleic acids, or even whole cells, thus allowing a wide range
of applications. Since biomolecules cannot withstand extreme tem-
peratures, typically needed for preparing silica glasses, the immobi-
lization of proteins and other biological macromolecules is
achieved via the sol-gel process. This technique allows for the en-
capsulation of biological molecules in silica-based glasses and rep-
resents a useful strategy for the preparation of inorganic and inor-
ganic-organic hybrid materials [23]. Silica sol-gel has become an
alternative to common organic polymers thanks to the simple and
modular preparation protocol, the photochemical and electrochemi-
cal stability and the high optical quality. Silica sol-gels are chemi-
cally inert, hydrophilic, and exhibit improved thermal stability and
mechanical strength, and reduced swelling, in comparison to other
organic polymers. Moreover, biological entities are stabilized by
encapsulation in a silica matrix, which creates a cage around the
biomolecule protecting it from aggregation, dissociation and degra-
dation. In the case of devices exploiting encapsulated enzymes, the
catalytic activity is also strongly affected by the chemical interac-
tions between the matrix and the protein surface. The sol-gel syn-

thesis occurs in mild conditions (room temperature and atmospheric
pressure). Available methods allow for the preparation of materials
with different shape and configuration, from monoliths to thin films
and fibers. The absence of coupling agents and the aqueous medium
are conditions that favor the maintenance of biological structure and
activity. In some cases, it has been demonstrated that the function
of the protein encapsulated in silica gel is retained not only for
molecules buried inside the pores, but also for those on the surface
[24].

Common precursors for silica gel synthesis are tetraalkoxysi-
lane and mono-, di-, and tri-alkyl alkoxysilanes such as tetracthyl
orthosilicate (TEOS) and tetramethyl orthosilicate (TMOS). Redox-
active sol-gels can be synthesized using transition metal oxide sol—
gels and/or incorporating conducting and redox components for the
development of bioreactors or electrochemical biosensors [25]. In
principle, most metal oxides could be used to produce gels through
the sol-gel method. However, the synthesis conditions could not be
compatible with the integrity of biomolecules. Particularly, in the
case of transition metals alkoxides, hydrolysis and condensation
steps are too fast to allow for efficient encapsulation [26].

2.1. Protein Encapsulation Chemistry

The sol-gel process is based on the growth of colloidal parti-
cles, also called sol, and their subsequent network (gel) formation,
through the hydrolysis and condensation reactions of alkoxide
monomers [9]. The sol-to-gel transition is commonly triggered by
changing the pH of the solution reaction. Once the gel is formed,
water can be eventually removed following two different proce-
dures: 1) supercritical drying, allowing to preserve the size and the
structure of the gel pores (aerogel); 2) a slow evaporation process,
with a concomitant gel network collapsing (xerogel).

Silica-based glasses are typically prepared by mixing the silicon
alkoxide (e.g.: TMOS or TEOS) with water in a co-solvent
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Fig. (2). Mechanism of silica gel formation through the sol-gel method. A tetraalkoxysilane is hydrolysed to form one or more reactive silanol groups and an
alcohol as a byproduct (a). Two free silanol groups condensate to give a water condensation (b) or a silanol group reacts with an alkoxysilane group to give an

alcohol condensation (c).

(e.g.: ethanol). During hydrolysis (Fig. 2a) of metal alkoxides, a
hydroxyl ion attacks the metal atom and the alcohol is released,
leaving a reactive silanol group (Fig. 2a). During condensation of
silanol groups (Fig. 2b-¢), occurring during gel formation, water
and/or alcohol molecules are also released. The latter can be delete-
rious for biomolecule stability, if not promptly removed.

Hydrolysis and condensation occur through a nucleophilic SN,
substitution on Si. Acidic, basic, or nucleophilic catalysts are com-
monly added to silicon alkoxides due to their low reactivity relative
to other metal alkoxides [23, 27].

The sol, formed upon hydrolysis, shares properties of both real
molecular solutions and particle dispersions [28]. Short-range
forces such as van der Waals interactions play the main role leading
the interaction between particles. In the sol-gel process the solution
viscosity progressively increases, as the sol, a colloidal suspension,
turns into a porous three-dimensional network.

Since the chemical control of the mechanism and kinetics of the
sol-gel reactions strongly influence the composition, the properties
and the morphology of the formed silica gel [23, 27, 29], reaction
parameters need to be carefully characterized and tuned.

2.1.1. Process Parameters Affecting Gel Structure

The typical process parameters which affect structure and prop-
erties of silica gels are the H,O:Si ratio, pH, solvent and catalyst
[30].

H,0:Si Ratio

Water is a reagent in silicon alkoxide hydrolysis (Fig. 2a) and a
product in silanol groups condensation (Fig. 2b), hence a higher
H,0:Si ratio promotes the hydrolysis, while it has a more complex
effect on condensation reactions. At a molar ratio <<4, the alcohol-

producing condensation reaction is favored, whereas with a ratio
>>4 the water forming reaction is favored.

PH

At acidic conditions, hydrolysis involves protonation of the
alkoxide group, increasing its leaving group character, followed by
nucleophilic attack by water; under alkaline conditions, hydrolysis
implies a nucleophilic attack on the silicon atom by the hydroxide
anion, forming a negatively charged five-coordinated intermediate,
followed by the displacement of an alkoxide anion [23, 27]. Given
these reaction mechanisms, under acidic conditions the hydrolysis
rate decreases at each subsequent hydrolysis step, whereas under
basic conditions each subsequent hydrolysis step becomes faster as
hydrolysis and condensation proceed. The dependence on pH of the
hydrolysis rate, which exhibits a minimum at pH 7, indicates that
the reaction can be either acid or base catalyzed [31]. Inorganic
acids are considered more effective as catalysts than bases because
the silanol groups forming during the reaction can neutralize basic
catalysts.

The pH dependence of the gelling time shows the apparent con-
densation rate to have a maximum at intermediate pH (~4.5) and a
minimum at low pH (~2.5). Strongly basic conditions result in non-
gelling systems [32].

Solvents

Solvents are classified in terms of polarity (polar and apolar)
and capability to bind and release protons (protic and aprotic). Sol-
vents which hydrogen bond to OH™ or H' reduce the catalytic activ-
ity under basic and acidic conditions, respectively. In the condensa-
tion mechanism, protic solvents are expected to slow down the
reaction of the base-catalyzed condensation and to promote acid-
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catalyzed condensation, while aprotic solvents show the opposite
effect.

Substituents on Si Center

Hydrolysis of alkoxysilane is strictly dependent on the size of
the alkoxyl groups. In fact, steric factors play the main role in de-
termining the stability of organoxysilanes to hydrolysis, whereas
the increase in the number of silanols on the silicon atom deter-
mines an increase in the condensation rate [33].

2.1.2. Process Parameter Affecting Embedded Biological Mole-
cules

pH Inside the Gel Pores

pH in the pores of a silica gel, or any support matrix, has to be
considered as it can influence the activity of encapsulated biological
entities. In silica gels, at neutral pH, silanol groups are negatively
charged and hence the electrical double layer consists primarily of
cationic buffer ions and hydrogen ions. This makes the local pH
lower than that of the bulk solution. As a matter of fact, it has been
observed that pH in the gel is 0.5-1 units lower in pores than in the
buffer solution [32], as also demonstrated by titration with acid—
base indicators [34].

Network Growth Models

Growth models were applied to describe how hydrolysis and
condensation reaction rates determine silica structure [23]. Proto-
cols at low pH and low water content yield tighter gels with smaller
pores, whereas protocols employing high pH and high water con-
tent yield more porous materials [23, 27, 35]. A separation of the
hydrolysis and condensation steps through specific catalysis condi-
tions, allows to tune the kinetics of each step.

Preserving Protein Function

Even sol-gel protocols that are performed at room temperature
and that are particularly suitable for the encapsulation of biological
molecules still involve the release of alcohol (Fig. 1). Furthermore,
extreme pH conditions can be experienced during reactions, with
detrimental effects on the embedded biological molecules such as
protein denaturation or aggregation. Since the 1990s, Dunn and
coworkers introduced modifications to the sol-gel procedure to
prevent the adverse effects of pH and alcohol on enzyme stability
[4]. Despite the optimization of sol-gel protocols, silica gel con-
finement is reported to promote in some cases protein denaturation
For this reason, additional solutes or modified silica surfaces can be
introduced to stabilize the protein [5]. Examples of stabilizers are
Ca®" [36, 37], organosilanes [38, 39], polyethylene glycol (PEG)
[40], graft copolymers [41-43] and charged polymers [44, 45]. En-
capsulated proteins are stabilized also by the addition of small sol-
utes such as sugars or amino acids during sol-gel processing [46,
47]. Moreover, a "biofriendly" sol-gel protocol was recently devel-
oped by creating hybrid gels from glycol-modified TEOS in the
presence of O-2-hydroxy-3-(trimethylammonio)propyl guar gum
and used for papain encapsulation [48]. Cytochrome c (cyt c) en-
capsulated on indium—tin oxide electrodes is able to perform direct
electron transfer only when the protein is encapsulated in methyl
modified silica gel [49].

More recently, the use of silica gel for the entrapment of inte-
gral membrane proteins has been considered for applications like
biosensing, affinity chromatography, screening of drugs and bio-
catalysis [17, 50]. Nanolipoprotein particles were demonstrated to
be very well preserved in terms of molecular structure upon silica
gel entrapment [51].
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Modulating Protein Function

The sol-gel chemistry allows fine tuning of the chemical and
physical properties of the matrix by modulating the preparation
protocol. This, in turn, can allow to adjust the dynamic and func-
tional properties of encapsulated proteins. As an example, the activ-
ity of encapsulated acetylcolinesterase was optimized by tuning the
microenvironment through the modulation of TEOS:H,O ratio and
catalyst concentration [52]. The addition of Ca*" during the encap-
sulation of two mutants of oncomodulin, a Ca’" binding protein,
strongly affected their stability [53]. A fine modulation of the en-
capsulation protocol allows to selectively isolate quaternary and
tertiary states of Hb, accompanied by a change in the functional
properties [54].

3. EFFECT OF SILICA GEL ENCAPSULATION ON
THERMODYNAMIC STABILITY AND CONFORMA-
TIONAL EQUILIBRIA

With a few exceptions [55, 56], encapsulation of proteins in
nanoporous silica gels normally produces an increased stability
with respect to thermal and chemical insults, or long-term storage
[9]. At the same time, encapsulation allows to selectively stabilize
specific subsets of protein conformations, that, depending on en-
capsulation conditions and the protein system, can either reflect the
"natural" distribution of species under defined solution conditions
[57, 58], or an artificially biased population (e.g., the highly reac-
tive conformation of an enzyme encapsulated as a biocatalyst or
bioreactor [59]).

The effect of encapsulation on thermodynamic stability and
conformational equilibria can be rationalized describing protein
dynamics by means of a complex, multidimensional energy land-
scape [60, 61]. Hierarchically structured free energy minima repre-
sent protein conformations: the deeper the free energy minimum,
the more stable the single chemical species (Fig. 1). The rate of
small or large scale conformational transitions will depend on the
height of the barrier between adjacent minima. According to this
description, silica gel encapsulation could in principle affect just the
height of kinetic barriers (which would produce a slowing down of
conformational relaxations, without affecting equilibrium popula-
tions), and/or the relative depth of energy minima, thus perturbing
the relative stability of alternative conformations.

As for the mechanisms by which encapsulation can affect ther-
modynamic stability and relaxation rates, these include steric con-
straints, confinement effects, pore-protein electrostatic interactions,
altered microviscosity and water structure in the proximity of the
pore walls. The templating effect of the embedded biomolecules
during gel polymerization could explain the formation of pores that
fit the size and shape of the encapsulated molecules; this would
pose steric constraints to highly expanded denatured states or un-
folding transition states, resulting in thermodynamic stabilization of
native states and faster folding rates [62]. Caging and excluded
volume effects on polymer dynamics and the relevance for the sta-
bility of encapsulated proteins have been the subject of a large theo-
retical, computational and experimental effort in recent years [62-
74]. Electrostatic interactions between charged or polar amino acid
side chains and the pore surface, that is negatively charged at near-
physiological pH (the isoelectric point can be as low as 2.1 [75]),
could also be a factor affecting stability [76, 77]. Water structure
perturbation induced by the polarity of pore surface, and its effects
on apparent viscosity, and solvent and solutes activity in silica gels,
will be discussed in Section 4.
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Fig. (3). Closed circles: oxygen binding curve for HbA encapsulated in
silica gel in 100 mM HEPES, 1 mM EDTA, pH 7, 15 °C, in the presence of
the negative allosteric effectors inositol hexaphosphate (10 mM), bezafi-
brate (2 mM), and chloride (200 mM) [58]. Data fit to a hyperbolic binding
function yields a p50 (the oxygen pressure at half saturation) of 133.1+3.1
torr and a Hill coefficient of 0.89+0.02, indicating a non-cooperative bind-
ing in the T state. Oxygen affinity overlaps with that obtained in T state Hb
crystals [218, 219], and with K, (the affinity constant for binding of the first
oxygen molecule to the Hb tetramer) obtained in solution in the same ex-
perimental conditions [148]. Open circles: the oxygen binding curve for
HDA in solution in 100 mM HEPES, 1 mM EDTA, pH 7, 15°C is shown for
comparison (pS0 = 2.29+0.03 torr, Hill coefficient = 2.54+0.10) [54].

In the last two decades, several reports have been published
dealing with silica gel encapsulation as a means to achieve global
thermodynamic stabilization and selection of specific protein con-
formations for biotechnological applications, and the field has been
extensively reviewed [9, 15, 50, 78, 79]. Here, we will focus on a
few case studies, some of which from our own laboratories, where
the selective stabilization of protein conformers has been exploited
to make them accessible to biochemical and biophysical investiga-
tion.

3.1. Heme Proteins

The possibility provided by silica gel encapsulation to reduce
the rate of conformational changes by orders of magnitude, increas-
ing the kinetic separation of tertiary and quaternary relaxations [57,
58, 80-92], has been extensively exploited by several groups to
make accessible to spectroscopic investigation species that are
normally poorly populated, or metastable on the time scale of solu-
tion experiments. Not surprisingly, many of these studies concern
hemoglobin (Hb), myoglobin and other heme binding proteins,
since the availability of a sensitive, intrinsic chromophoric signal
allowed to achieve an unprecedented level of detail in the compre-
hension of structure-dynamic-function relationships. For this same
reason, reports on heme-binding globins dominate the literature on
protein dynamics in silica gels, as will be evident from Section 4.

Stability of cyt c in silica gels was the subject of more than one
investigation. Electronic and resonance Raman spectra of the ferric
form of horse heart cyt ¢ indicated stabilization with respect to
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acidic conditions, but not against chemical denaturation [93]. Op-
posite results were retrieved in other investigations, reporting in-
creased stability towards chemical unfolding [74, 94]. The dramatic
slowing down of the refolding rate in silica gel (up to several days)
was exploited to investigate the folding pathway of cyt ¢ by absor-
bance, fluorescence and circular dichroism spectroscopy [95]. The
results support a stepwise folding mechanism occurring through a
series of intermediates, partly corresponding to those observed in
aqueous solution. Very recently, such studies were extended to a
characterization of early folding events, chain collapse and secon-
dary structure formation leading to partially folded intermediates,
for cyt ¢ and four other globular proteins: equine beta-lactoglobulin,
human tear lipocalin, bovine alpha-lactalbumin, and hen egg
lysozyme [96].

Hemoglobin and myoglobin were also used as test molecules to
investigate the effects of encapsulation on protein stability and fold-
ing [71, 97-99]. However, the most striking result about Hb encap-
sulated in silica gels is the perfect conservation of equilibrium oxy-
gen binding properties observed in solution under comparable con-
ditions [54, 57, 58, 82, 100, 101] (Fig. 3) [218, 219], which legiti-
mates the exploitation of this system in kinetic experiments aiming
to test theoretical models of Hb allosteric regulation (see Section 4).

3.2. Green Fluorescent Protein

When studying protein dynamics and conformational equilibria
in vitro, it should be considered that caging effects in the pores of
the silica gel matrix might help mimic crowding and confinement
experienced in vivo by proteins [66, 102, 103] much better than the
diluted solution normally used for biochemical and biophysical
investigations [9, 46, 65, 98, 104-107]. Silica gel encapsulation was
exploited to investigate caging effects on the unfolding mechanism
of a highly fluorescent variant of Aequorea victoria Green Fluores-
cent Protein (GFP), GFPmut2 (S65A, V68L, S72A GFP) [108].
After preliminary studies demonstrating that encapsulated
GFPmut2 maintains structural and dynamic properties, as shown by
pH-dependent absorption, fluorescence and fluorescence anisotropy
[109], the kinetics and thermodynamics of unfolding induced by
guanidinium chloride were characterized by several spectroscopic
techniques [106, 110]. Encapsulation was shown to stabilize [106,
111] a measurable population of molecules endowed with a differ-
ent conformation, and a different thermodynamic stability, with
respect to the dominant species in solution, despite indistinguish-
able spectroscopic features. Interestingly, the unfolding rate was
scarcely affected by encapsulation, but its dependence on denatur-
ant concentration (a measure of the change in solvent-exposed pro-
tein surface upon denaturation [112]) was reduced, consistent with
restrictions posed by the gel pores to the expansion of denatured
and transition states. The same approach was later applied to char-
acterize the effect of a single amino acid mutation (H148G
GFPmut2) on unfolding equilibrium and kinetics [107]. Once again,
encapsulation allowed to unveil details of the unfolding mechanism
that previously went undetected in solution studies.

The intrinsic fluorescence and good photo-stability of GFPmut2
allowed to exploit encapsulation for single-molecule imaging by
confocal spectroscopy [109, 113]. This posed the basis for future
single-molecule folding experiments [111, 114], that demonstrated
the existence of a discrete number of protein sub-states (a not so
obvious experimental observation, at room temperature) and fold-
ing and unfolding pathways. Indeed, single molecule experiments
are the only way to fully capture the complexity of protein confor-
mation and dynamics, that average out in ensemble experiments.
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Immobilization is often required to follow complete dynamic trajec-
tories on the same molecule. The experiments on GFPmut2 demon-
strate the potential of silica gel as an immobilization matrix for
single molecule spectroscopy and microscopy.

Small angle neutron scattering studies were performed on a
deuterated GFP encapsulated in silica gel to investigate differences
in the structural properties of doped and undoped sol-gel matrices,
and the quaternary structure of the entrapped protein [115].

3.3. Allosteric Enzymes

Aspartate transcarbamoylase (ATCase) is a classic textbook ex-
ample of an enzyme regulated by cooperative binding of the sub-
strate, L-aspartate, and by negative and positive heterotropic allos-
teric effectors (feedback control) [116, 117]. The enzyme catalyses
the first step of pyrimidine biosynthesis and contains two catalytic
trimers carrying the active sites and three regulatory dimers to
which nucleotide effectors bind. West and Kantrowitz reported R
and T state reaction kinetics and the quaternary relaxation rate of
gel-encapsulated, pyrene-labeled ATCase [118]. The encapsulated
enzyme maintains catalytic competence, with a maximal activity
about halved with respect to solution. However, the aspartate con-
centration at half-maximal velocity was significantly reduced, and
hyperbolic saturation corves indicated loss of homotropic coopera-
tivity. In addition, fluorescence spectra of the pyrene-labeled AT-
Case, that are sensitive to changes in the quaternary structure, dem-
onstrated that the enzyme encapsulated as T had emission spectra
very similar to the R state control after rinsing out negative het-
erotropic effectors. This unexpected result was explained assuming
that in the absence of ligands an equilibrium distribution of quater-
nary states, with R largely prevailing over T, becomes frozen upon
gel encapsulation, but could also be interpreted in terms of effector-
dependent tertiary equilibrium, in the absence of quaternary relaxa-
tion. The quaternary relaxation rate was reported to be approxi-
mately 10° fold slower than in solution (a slowing factor surpris-
ingly similar to that found for Hb [58, 80]). The authors made the
interesting statement that "/¢ should also be possible to determine if
the allosteric effectors...have regulatory effects on the isolated T
and R allosteric states" [118], which would be inconsistent with
MWC. These statements are still awaiting for experimental tests.

Fructose-1,6-bisphosphatase is a homotetrameric enzyme.
Binding of the allosteric ligand AMP induces quaternary conforma-
tional changes (R to T transition) that completely inhibit the en-
zyme. In silica gel [119], the enzyme encapsulated in the R state
never became completely inactivated after addition of AMP, and
AMP inhibition was no longer cooperative, indicating that both
tertiary and quaternary conformational changes are essential for
regulation. Indeed, removal of AMP from T-state gels restores ac-
tivity with a slow (hours) and biphasic process.

Glutamate dehydrogenase (GDH) is a hexameric allosteric en-
zyme. GDH is catalytically active in silica gel [120]. The Ky, for
substrate is similar to solution, while the apparent vy, is 40-fold
less. This is not necessarily due to a homogeneously reduced cata-
lytic efficiency of the enzyme, since GDH was encapsulated in the
absence of substrate, and the results might reflect a minor fraction
of molecules in a fully active conformation. Consistently, reaction
kinetics are Michaelis -Menten in the gel, but they show an initial
delay period of several minutes that could correspond to the build-
up of a population of active molecules upon tertiary and/or quater-
nary relaxations following ligand binding. Allosteric effectors were
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reported to have an effect in the gel, but no quantitative result was
shown.

Glucosamine-6-phosphate deaminase degrades glucosamine 6-
phosphate to fructose 6-phosphate and ammonia. The enzyme is
allosterically activated by N-acetylglucosamine 6-phosphate, regu-
lating its distribution between a highly active quaternary R state and
a less active T state. By encapsulating the enzyme either in the T or
in the R state, it was possible to investigate the functional relevance
of ligand-associated tertiary structural changes [121]. Results were
interpreted on the basis of the known crystallographic structures
and in the frame of the tertiary two-state allosteric model of Eaton
and coworkers [58, 85, 122], assuming an equilibrium of t and r
tertiary conformations, within each quaternary state, regulated by
allosteric effectors.

4. PROTEIN DYNAMICS IN SILICA GELS

Thermodynamically unstable protein states are often difficult to
investigate due to their elusive and transient nature. An effective
method to trap unstable states is to embed proteins inside the
nanopores of silica gels. The confined environment of the silica gel
exerts on the macromolecules forces, which may prevent large
scale, slow motions, but also hinder specific dynamics occurring on
a more local and faster time scale. Motions can be selectively
slowed down by the gel matrix thus impeding quaternary and/or
tertiary conformational changes, which are necessary for the reac-
tions to proceed, leading to sizeable population of otherwise diffi-
cult to detect states. In the following, we will review first the effect
of silica gel encapsulation on protein large scale conformational
changes. Then, we will show how different encapsulation protocols
(involving the use of high viscosity cosolvents such as glycerol)
allow modulating tertiary structural relaxations and ligand migra-
tion within the encapsulated protein. Finally, the effects of silica gel
encapsulation on the coupling between protein and solvent dynam-
ics will be shortly reviewed.

4.1. Trapping Reaction Intermediates: Inhibition of Conforma-
tional Changes

Encapsulation of proteins in silica gel matrices exerts a templat-
ing effect on the structures that proteins can adopt. In particular,
transition between protein conformations that require large scale
conformational changes can be inhibited or greatly slowed down by
direct interaction of the embedding gel matrix with the encapsulated
proteins and/or by affecting the dynamics of the protein hydration
shell. These effects have been used to investigate the dynamic
properties of protein intermediate states that are not easily accessi-
ble in aqueous solutions, as in the case of human Hb quaternary
transition. Hb is a tetrameric protein that has long served as a proto-
typical model system for our understanding of allosteric mecha-
nisms [123]. In solution, Hb undergoes a quaternary transition fol-
lowing ligand release with a timescale of ~1 ps [124, 125]. This
transition can be significantly slowed down by encapsulating Hb in
silica gels [82]. The low affinity T-state and the high affinity R-
state of Hb can be trapped by encapsulating Hb either as fully de-
oxygenated or fully oxygenated molecules, respectively [57, 82, 83,
100]. Indeed, non-cooperative oxygen binding is observed both
when Hb is encapsulated in the high-affinity R state or in the low-
affinity T state [57, 58, 82, 83, 85, 100] (Fig. 3). In the case of T
state encapsulated Hb allosteric effects have also been evidenced
[57, 58]. Monitoring the changes in the optical or resonance Raman
spectra of R-state oxy-Hb gels after complete removal of oxygen
demonstrated that the R — T transition for the fully unliganded Hb
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can be slowed down by up to 10 orders of magnitude [58, 80, 83,
92, 126-128]. Thus, the R — T transition is not prevented by the gel
matrix, rather slowed down by several orders of magnitude so that
intermediate short lived Hb states, that are unstable in aqueous solu-
tions, can be investigated with conventional spectroscopic tech-
niques.

Since the quaternary structural change of encapsulated Hb is
greatly slowed down, tertiary intermediate states along the R — T
transition could be observed by conventional spectroscopic methods
such as UV resonance Raman spectroscopy [86, 89, 90]. In particu-
lar, it has been shown that after photolysis of HbCO encapsulated in
the T state, both the E and F helices assume intermediate positions
with respect to those that characterize the Hb equilibrium states.
Moreover, ligand rebinding kinetics of CO to encapsulated Hb were
measured in flash photolysis experiments both at room [58, 87, 89,
90, 127, 129-132] and cryogenic temperatures [88]. Inhibition of
the quaternary transition allowed to study CO rebinding kinetics to
pure T and R states. CO rebinding kinetics to the pure quaternary R
state was measured on Hb gels where the protein was immobilized
in its carboxy state, since rebinding is complete on a time scale
which is much faster than the quaternary transition to deoxy T [87,
127]. The progress curve is characterized by a large geminate re-
combination amounting to about 50% of the signal, and a single
phase bimolecular rebinding. CO binding to T state Hb was deter-
mined by studying deoxy-Hb gels saturated with CO before any
quaternary transition occurred [58, 89, 127]. Experiments afforded
very different results depending on whether deoxy-Hb gels were
prepared in the presence or absence of saturating allosteric effec-
tors.

Immobilization of T state Hb in the presence of saturating allos-
teric effectors (T" gels) results in negligible geminate recombina-
tion followed by a single bimolecular rebinding phase [58, 127].
When T state Hb is encapsulated in the absence of allosteric effec-
tors (T") geminate recombination is detected followed by a biphasic
bimolecular rebinding, with characteristics of rebinding to R and T"
states [58, 89, 133, 134]. This remarkable finding demonstrates that
within the quaternary T state, a significant fraction of subunits be-
haves as R, and was interpreted on the basis of-the tertiary two-state
(TTS) model [122, 135] as arising from a mixed population of ¢ and
r subunits. Contrary to what happens in T' gels, where the allosteric
effectors completely inhibit any tertiary switch induced by CO liga-
tion, in T" gels tertiary equilibrium can be reached much earlier.
Since quaternary states like T-state CO-Hb are not completely
locked into the unstable states, the time evolution of the rebinding
kinetics after CO saturation can be exploited to obtain an independ-
ent estimate of the R-T quaternary transition rate. Ronda et al. fol-
lowed the CO rebinding kinetics after laser photolysis for a few
days after CO saturation of the T" and T" Hb gels [80]. By follow-
ing the amplitude of the geminate phase and the fractions of fast
and slow bimolecular phases it was possible to conclude that the
time constant of the R — T relaxation for T" gels is on the order of
two days.

Using a cw laser photolysis scheme, Eaton and coworkers re-
cently demonstrated that a tertiary ¢ conformation can be identified
in deoxy R, with functional properties comparable to those of deoxy
T subunits [85]. The deoxy R species is obtained by photodissociat-
ing HbCO gels with a cw laser for a long enough time span to allow
tertiary, but not quaternary relaxation. Rapidly switching off the
laser allows to measure CO rebinding. When the photodissociation
time is increased, a slow rebinding phase is observed, whose ampli-
tude increases to nearly 20 %, with a highly stretched exponential
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character. A small increase in bimolecular rate with exposure time
is observed, and this rate asymptotically approaches the same value
of the slow rebinding phase measured for the T quaternary struc-
ture. When R gels are prepared in the presence of saturating allos-
teric effectors (R" gels), the amplitude of the slow rebinding phase
increases much faster and levels off at nearly 0.5.

The observed appearance of a slow rebinding phase could be re-
lated with formation of the quaternary T state after photodissocia-
tion. Spiro and coworkers found that T quaternary structure markers
do not appear in the resonance Raman spectra for about 5 days at 22
°C, which is orders of magnitude longer than the longest time of
1,000 s used in the continuous photolysis experiments [128, 136].
Additionally, since the Raman experiments were carried out at
complete deoxygenation, the observed R — T rate is higher than
the one observed at partial photolysis, as occurs in the continuous
photolysis experiments. At the maximum photolysis levels of 13%
only doubly liganded tetramers are present (~30% of the deoxy-
hemes) that can switch from R to T at equilibrium, which occurs in
solution at a 10- to 40-fold slower rate [122]. The above arguments
rule out any possible contribution of quaternary R — T transition in
the appearance of the slow rebinding species in the continuous pho-
tolysis experiment.

4.2. Trapping Reaction Intermediates: Tertiary Relaxations
and Ligand Migration

Silica gel entrapment has proved to be able also to modulate
protein tertiary relaxations and therefore it is a valuable tool for
investigating processes such as ligand migration through protein
cavities, where incoming or outgoing ligands are temporarily
docked into elusive states. This has been mostly exploited in ligand
rebinding studies after laser photodissociation of diatomic gases
from their complexes with hemeproteins. Owing to the reduced
mobility of the polypeptide chain, the probability of escaping to the
surrounding solvent for the photodissociated ligand is decreased,
while the competitive process of diffusion to internal sites is fa-
voured. The use of viscogenic cosolvents that increase the overall
viscosity has allowed to further enhance the population of these
reaction intermediates, thus improving sensitivity to migration reac-
tions. Under extreme solvent conditions such as those encountered
when protein gels are soaked in pure glycerol, the gel matrix pre-
vents ligand escape to the solvent and therefore bimolecular rebind-
ing. In these conditions, rebinding of ligands from inside the protein
(geminate rebinding) is greatly enhanced. Therefore, ligand migra-
tion and structural relaxations following photodissociation become
detectable at near room temperature and appear as multiple kinetic
phases in the geminate recombination. This approach has been ap-
plied to gain insight into kinetics of ligand migration for several
Hbs, including vertebrate globins, bacterial and archaea Hbs, and
non symbiotic plant Hbs.

Geminate recombination is often enhanced in human Hb gels,
especially when viscogenic cosolvents are added [87]. By inhibiting
ligand escape to the solvent, this promotes migration to internal
cavities and increases the sensitivity of the binding progress curves
to intramolecular processes [133, 134, 137, 138]. Several cases
were reported where the simple gel entrapment is not enough to
increase substantially geminate rebinding. For instance, in the case
of myoglobin (Mb), the simple confinement within the gel pores
leads simply to a slightly increased probability of rebinding, but it
is difficult to recognize in the extended nature of the geminate re-
binding reaction the peculiar features of rebinding from multiple
sites [90, 127, 139]. When glycerol is added to the solution where
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Fig. (4). Comparison between the CO rebinding kinetics to Cygb solutions
(filled circles), COCygb gels (open squares, Cygb was embedded in the gel
as COCygb) and Cygb+CO gels (open circles, Cygb was embedded in the

gel as deoxy Cygb and CO was added after the gel was formed). T = 40°C,
1 atm CO. Data from [162].

the Mb gel is immersed, at least one additional kinetic phase pops
out, showing that the extended nature of the geminate phase is con-
sistent with the presence of a reaction intermediate, acting as a ki-
netic trap [90, 129, 131, 140].

Gel encapsulation and bulk viscosity have profound effects on
the exchange of ligands between the protein matrix and the solvent.
Good examples to illustrate this concept are provided by non sym-
biotic plant hemoglobins (nsHb) [141, 142], neuroglobin (Ngb)
[143, 144] and cytoglobin (Cygb) [145, 146]. These Hbs are collec-
tively termed hexacoordinate Hbs because in the absence of hex-
ogenous diatomic ligands, Fe coordination is completed by the
distal His residue [147].

In the case of the type I non symbiotic Hb from Arabidopsis
thaliana (AHb1), the small amplitude of geminate rebinding [148]
is only slightly, if at all, increased by gel immobilization. When
glycerol is added to the solution where the protein gel is soaked, a
progressively increasing amplitude of geminate rebinding is ob-
served at increasing glycerol concentrations [148, 149]. At the same
time several, well separated kinetic phases become evident in the
rebinding kinetics [148].

The strong inhibition of protein fluctuations in the presence of
high viscosity has remarkable consequences on the efficiency of
escape of photodissociated ligands towards the solvent, generally
resulting in a reduced escape probability. However, the extent of
inhibition may be quite different from protein to protein. For some
proteins, bimolecular rebinding is observed after laser photolysis
even when protein gels are soaked in pure glycerol. This is the case
of AHb1, for which the presence of an open tunnel connecting the
distal cavity and the solvent [138, 150, 151] allows exchange of
ligands even under conditions where protein motions are enor-
mously slowed down [138, 149, 152].

CO rebinding to the related type 1 non symbiotic rice Hb
(rHb1), a hexacoordinate Hb, was recently investigated [153]. CO
rebinding to rHb1 in solution shows a fast geminate phase of small
amplitude and a bimolecular phase broadened by competitive distal
His binding to and dissociation from the heme. Encapsulation in
silica gel leads to appearance of multiple geminate phases, attrib-
uted to migration to internal cavities. When the FB10 mutant was
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studied, remarkable effects were observed on the rebinding kinetics,
in which geminate phase and ligand migration through internal
cavities were enhanced. As expected, mutation of the distal His
resulted in suppression of hexacoordination. Unlike AHb1, when
rHb1 gels are soaked in glycerol, the exchange between the protein
matrix and the solvent becomes almost negligible, in agreement
with the different shape in the cavities of the two proteins [150,
153, 154].

When CO is photodissociated from Ngb, geminate rebinding of
small amplitude is observed on the nano- to microsecond time
scale. This is followed by a biphasic kinetics where it is possible to
identify a ligand concentration dependent bimolecular phase and a
subsequent, much slower phase, which has been attributed to disso-
ciation of the distal His from the heme [144, 155-157]. The relative
weight of bimolecular rebinding and His dissociation kinetics is
determined by ligand concentration and temperature [158]. Gel
encapsulation of human Ngb revealed a surprising complexity in
ligand migration through the cavities of the protein. Gel encapsula-
tion by itself did not lead to dramatic changes in observed rates or
amplitude of the different kinetic phases. However, when Ngb gels
were soaked in glycerol, the geminate rebinding showed multiple
phases, consistent with ligands being stored for hundreds of micro-
seconds in secondary docking sites [159]. The enormous bulk vis-
cosity and the sterical constraints imposed by the gel template com-
pletely inhibit formation of the bis-histidyl, hexacordinated species.
The estimated energetic barriers demonstrate easy ligand migration
through the cavities, except for the slowest reaction intermediate,
possibly reflecting a conformational reshaping of the system of
cavities. In the case of Ngb, no bimolecular rebinding was observed
for glycerol soaked gels, showing that exchange between the distal
cavity and the solvent is highly inhibited, while efficient migration
to remote cavities is maintained [159]. Transient docking of gase-
ous ligands in multiple binding sites, for times of up to several hun-
dred microseconds, is consistent with NO dioxygenase activity,
requiring the sequential reaction of two substrates with the heme
[160]. Coupling of the ligand migration pathways with protein con-
formational changes may direct the specific sequence of events in
the NO dioxygenase reaction [161].

The CO rebinding kinetics to Cygb (Fig. 4) shows a pattern
similar to the one observed for Ngb [146, 162]. Photodissociated
ligands can exit to the solvent following separate pathways, some of
which exploit temporary docking sites [162] Hexacoordination by
the distal His residue imposes large changes in energetic barriers
that were suggested to modulate the flux of reactants to and prod-
ucts from the reaction site at the heme. Ligation appears to strongly
affect CO rebinding kinetics to Cygb gels [162]. Cygb gels pre-
pared by embedding unliganded Cygb (a bis-histidyl hexacoordi-
nated species) allow easy formation of the CO adduct. CO rebind-
ing kinetics to these gels is identical to the one observed for the
protein in solution. Surprisingly, gels prepared by embedding CO-
Cygb lead to a rebinding kinetics that is almost completely lacking
the long lived hexacoordinated intermediate.

4.3. Protein Dynamics. Solvent Coupling of Protein Motions

The origin of the increased protein stability in silica gels is
complex. Direct (electrostatic or hydrogen bonding) interactions of
the protein surface with the silica pore walls could be responsible
for the observed restricted protein motions. On the other hand, the
silica gel could influence the dynamics of encapsulated proteins by
affecting the closely coupled dynamics of the aqueous solvent.
Many studies have investigated water dynamics inside silica gel
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matrices [163-169]. Heterogeneous effects on solvent viscosity in
silica gel pores have been reported [163, 167, 170], mainly pointing
to different viscosity increases (typically 1-2 orders of magnitude)
depending on the specific encapsulation protocol, hydration level,
pore size, etc. An estimate of the degree of coupling between pro-
tein motions and solvent can be obtained by estimating the effect of
bulk viscosity on reaction rate constants. The Kramers theory for
the effect of solvent viscosity on unimolecular rate processes (k) in
the condensed phase predicts an inverse proportionality between the
measured rate constants and solvent friction, # [171]. For more
complex cases, where protein conformational changes are involved,
an additional source of friction, o, has been proposed, due to hin-
dered intra-chain motion within the protein. This is regarded as an
additive contribution to the friction from solvent molecules [172].
This model describes well the data in regime of moderately high
viscosity [172], but fails to account for experimental observation of
internal motion in rigid environments with very large external vis-
cosity [173].

Using spectrally resolved infrared stimulated vibrational echo
spectroscopy, Fayer and coworkers were able to demonstrate the
correlation between the friction sensed by the gel encapsulated
protein and the molecular size for MbCO and HbCO gels [174]. Gel
encapsulated MbCO was found to exhibit dynamics comparable to
those measured in a solution almost 20 times more viscous than
bulk water. For the larger HbCO the gel was shown to introduce a
2-fold increase in viscosity.

Evidence for direct correlation between protein and solvent
hindered dynamics has been obtained with optical absorption spec-
troscopy of the heme Soret band in encapsulated ferricytochrome ¢
as a function of temperature [175]. In particular, the active site dy-
namics was shown to be sizably affected by freezing of a significant
fraction of water co-encapsulated in silica gels at high hydration
levels.

Further evidence of restricted protein dynamics in silica gels
has been obtained with neutron scattering [176, 177]. By measuring
the protein hydrogen atoms mean-square displacements of encapsu-
lated Mb, a reduction of large-scale motions typically activated at
temperature larger than ~230 K was observed [176, 177], the effect
depending markedly on sample hydration.

Ligand rebinding studies after flash-photolysis have also been
widely used to investigate the effect induced by silica gel encapsu-
lation on protein dynamics. Indeed, by analysing ligand rebinding
kinetics measured in different encapsulating conditions in terms of
specific microscopic kinetic models it is possible, on one hand, to
correlate the calculated rates with structural or dynamical properties
and, on the other hand, to obtain a more direct correlation between
chemical-physical quantities and theoretical descriptions. For in-
stance, this becomes evident when microscopic rates are confronted
with models proposed to describe their viscosity dependence. The
microscopic rate constants show an increasing degree of coupling
when slower rates are considered. Faster processes like geminate
recombination from the distal pocket show little if any coupling to
bulk viscosity. The degree of coupling increases for slower proc-
esses (like migration to farther docking sites) and becomes fully
consistent with Kramers law for much slower processes like bimol-
ecular rebinding of an exogenous ligand, or His binding to and
dissociation from the heme [138, 149]. The concept of solvent slav-
ing was applied by Friedman and co-workers when analyzing CO
rebinding kinetics to Hb and Mb embedded in silica gels soaked in
glycerol. The analysis of ligand rebinding kinetics to R and T state
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Hb and to Mb suggests that progressively slower dynamics turn in
after photodissociation [133].

5. BIOTECHNOLOGICAL APPLICATIONS OF PROTEINS
ENCAPSULATED IN SILICA GELS

5.1. Encapsulation of Enzymes

Some biomolecules are endowed with the special property of
catalyzing chemical reactions, i.e. they are able to increase by or-
ders of magnitude the rate of a chemical transformation. The major-
ity of biological catalysts are proteins, called enzymes. In addition,
there are antibodies that have been selected to play the double role
of recognizing a specific antigen and transforming it. A more re-
cently discovered class of biological catalysts is represented by
ribozymes and deoxyribozymes, short sequences of ribonucleic and
deoxyribonucleic acids that are able to catalyze chemical reactions,
although at very low rates. The catalytic power of enzymes and
their substrate specificity arise from several distinct features, rang-
ing from substrates orientation and proximity, substrate strain and
distortion towards a transition state-like structure, acid-base cataly-
sis, and covalent catalysis. Overall, enzymes act by altering the
reaction mechanism and, in doing so, they decrease the activation
barrier of the rate limiting step. Of paramount relevance for en-
zymes in achieving their function is the ability to adapt their con-
formation to the chemical structure of reaction intermediates, thus
stabilizing them along the reaction coordinates. Therefore, enzyme
function strongly depends on protein conformational changes. This
feature can be exploited for increasing the catalytic power of an
enzyme by selectively stabilizing alternative conformations. En-
trapping enzymes in a polymeric matrix is a strategy that has been
exploited to increase enzyme catalytic efficiency and/or enzyme
stability. Indeed, enzymes were the first proteins to be immobilized
in silica gels [2] in order to obtain bioreactors. Later, enzymes have
been entrapped for the preparation of tailored biosensors and to
unveil subtle enzyme structural and functional relationships. Re-
views on immobilized enzymes have been reported [8, 9, 13]. Here,
we present a few examples highlighting the power of encapsulating
enzymes in silica gels. A few allosteric enzymes have been en-
trapped in silica gels with the aim to fix defined quaternary states,
not as much to preserve and optimize activity, as to achieve a
deeper insight in structure-function relationships, similarly to the
approach pursued for hemoglobin and other heme proteins. The
latter case studies are described in Section 3 above.

5.1.1. Lipases

Lipases catalyze the hydrolysis of esters, esterifications and
transesterifications and several encapsulation matrices have been
tested [178]. The surface area, the mean pore diameter and the pore
volume of gels were determined and it was found that TEOS- and
PEG-based gels exhibit a higher mean pore diameter, suggesting a
role of PEG in preventing a volume reduction during gel formation.
Lipases constitute a rare example of increase in activity when en-
capsulated in Ormosil gel, in comparison with silica gel: Reetz and
coworkers [59] obtained lipase encapsulated in methyltrimethoxyl-
silane (MTMS) that exhibited about 1000-fold higher activity with
respect to the free enzyme. This result might be explained by the
stabilization of the open conformation of the enzyme by the apolar
matrix, thus leading to a higher substrate accessibility.

Given the interest of lipase in different biotechnological appli-
cations ranging from laundry powder to enzyme processing plant
components for the production of biodiesel, many papers have been
published reporting strategies aimed at increasing lipase activity. A
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few representative investigations are reviewed below. Thermomyces
lanuginosus lipase was characterized and encapsulated using differ
ent silica precursors and dried using aerogel and xerogel techniques
[179]. It was found that drying under supercritical CO, provided
higher enzymatic activities and larger pore sizes. Candida antarc-
tica lipase B was sol-gel encapsulated using different protocols and
used for the kinetic resolution of secondary alcohols [180]. Lipase
from Pseudomonas cepacia was encapsulated in mesoporous silica
gels with a moderately hydrophobic microenvironment. The immo-
bilized protein exhibited an increased enzyme activity up to 281%
and a higher thermal stability compared with the free lipase [181].

5.1.2. Kinases and Phosphatases

Kinases and phosphatases are distinct classes of enzymes cata-
lyzing respectively the transfer of a phosphate group from ATP to a
substrate and the hydrolysis of phosphoesters.

Creatine kinase, encapsulated in silica gel, exhibited an increase
in long-term stability and thermal stability [182]. Moreover, when
exposed to high temperatures, the enzyme exhibited increased ac-
tivity. CD measurements, carried out before and after heating, sug-
gested the occurrence of a temperature-dependent conformational
change leading to the stabilization of a higher activity species.

Several silica gel precursors and additives, TMOS, TEOS and
diglycerylsilane (DGS) either in the absence or presence of
polyethilenoxide, were used for the preparation of biologically
active Src protein tyrosine kinase gels [183]. It was found that DGS
in the presence of a 10% molar ratio of N-(3-triethoxylsilylpropyl)
gluconate (GLTES) and ATP led to gels containing the enzyme as
active as in solution. The role of GLTES is not well understood but
it might prevent gel shrinkage, thus increasing pore size, whereas
the role of ATP might be due to a substrate-induced conformational
change, leading to the stabilization of an active enzyme. Src protein
tyrosine kinase gels were assayed against polypeptide substrates
with a molecular weight up to about 2000 Da, in the absence and
presence of enzyme inhibitors. The calculated inhibition constants
were very similar to those observed in solution, thus the encapsu-
lated enzyme can be exploited for screening low molecular weight
inhibitors.

Alkaline phosphatase, encapsulated in silica gels either in the
absence or presence of the surfactants sodium bis(2-ethylexyl)
sulfosuccinate (AOT) and cetyltrimethylammoniumbromide
(CTAB) [184], exhibited a three-fold decrease in the turnover
number with respect to the enzyme in solution, whereas the enzyme
is still active at pH 2.4 and pH 13, where the enzyme in solution is
inactive. AOT more than CTAB protects the enzyme against the
extreme pH conditions. A similar protection was observed for acid
phosphatase encapsulated at high pH wvalues. The protecting
behaviour of the gel matrix is likely due to the caging of the
enzyme in a rigid matrix preventing or reducing the rate of
denaturation, thus enabling the stabilization of an active
conformation. These results are relevant for the exploitation of
phosphatase in the development of biosensors or bioreactors
operating under harsh conditions for soluble proteins.

5.1.3. Pyridoxal 5’-phosphate Dependent Enzymes

The pyridoxal 5’-phosphate dependent enzymes tryptophan
synthase, tryptophan indole-lyase and tyrosine phenol-lyase have
been entrapped in silica gels [185-187]. The encapsulated enzyme
activity was assessed on micron size gels obtained by sonication in
order to avoid diffusion limitation of the substrates. It was found
that the catalytic activity was reduced and the steady-state distribu-
tion of catalytic intermediates, and their ketoenamine-enolimine
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tautomer equilibrium, were modified. These findings indicate that
encapsulation altered enzyme conformational distribution, in par-
ticular the equilibrium between "open" and "closed" active site
conformations.

5.2. Proteins Encapsulated in Silica Gel as Biosensors

The recent availability of recombinant proteins in large quanti-
ties and the accessibility of ‘protein-friendly’ immobilization tech-
niques has suggested the design of biosensors based on immobi-
lized biological macromolecules as sensing agents for the detection
and quantification of analytes [9, 188]. The range of analytes that
can be detected through protein-based biosensors is huge, consider-
ing that Nature’s repertoire offers a large number of proteins and
polynucleotides that specifically bind or modify molecules, ranging
from small ions, to aptamers [189], to large proteins and even mi-
croorganisms. In some cases, non-physiological biochemical prop-
erties [190] or engineered proteins with altered functional proper-
ties, have been exploited.

The principles underlying protein-based biosensors are usually
similar to those of bioanalytical techniques in solution, largely used
in clinical biochemistry thanks to the specificity and affinity of
protein-ligand complexes, that allow for the discrimination of struc-
turally and chemically similar analytes, as is often the case for bio-
molecules. The crucial difference between protein-based biosensors
and conventional solution techniques is the immobilization of the
sensing agent in a three-dimensional, stable and inert matrix. Im-
mobilization not only physically confines proteins, allowing for
their reuse, but also increases their stability at room temperature
and resistance to thermal or pH denaturation. Moreover, encapsula-
tion prevents the biosensing agent from interacting with proteins
and other large molecules present in the sample, thus increasing
further the durability of the sensor. Sometimes, encapsulation even
results in favourable changes of the functional properties of proteins
in comparison to solution.

As the immobilized protein interacts with the analyte, usually
through a biospecific interaction, changes in its physicochemical
properties are produced. These changes can then be monitored us-
ing a suitable detector coupled to the sensing probe. Several detec-
tion approaches can, in principle, be exploited: spectroscopic, elec-
trochemical, calorimetric or magnetic [191]. Due to the simplicity
of the techniques involved, absorption or emission in the UV-
visible range are usually preferred, although electrochemical detec-
tion is also a potentially useful approach, particularly when the
biosensor is based on a redox reaction [192].

Sensing proteins can simply bind the analyte, as in the case of
antibodies, or catalyze reactions using the analytes as substrates, as
in the case of enzymes. A simple ligand binding does not bring
about easily detectable spectroscopic changes, unless chromophoric
prostetic groups are present. When enzymes can be used, the forma-
tion of the product or the disappearance of the substrate can be
monitored, rather than the direct binding of the protein to the
ligand. Approaches of this kind are largely favoured, as catalysis
hugely amplifies the signal and the measurement can greatly gain in
sensitivity. In a few cases, the analyte of interest is an enzyme in-
hibitor, and its presence results in the slowing down of a reaction in
the presence of the substrate [193].

Most of the immobilization matrices investigated so far are or-
ganic. However, since variants of the sol-gel method compatible
with protein activity have been optimized (see Section 2), silica gels
have also been used as encapsulation matrices. Silica gel is opti-
cally transparent in the UV-visible region of the spectrum, thus
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Table 1. List of biosensors based on encapsulated enzymes or microorganisms.

Current Organic Chemistry, 2015, Vol. 19, No. 17

1663

Analyte Sensing protein Principle Detection Reference

Acetazolamide Carbonic anhydrase Inhibition of enzyme reaction by the | pH change detected with cresol red [200]
analyte

Acetylcholine Acetylcholine esterase Analyte as substrate Fluorescence of a pH-sensitive dye [201]

ATP Firefly Luciferase Analyte as substrate Bioluminescence [202]

ATP Glycerol kinase and glycerol 3- | Analyte as substrate Fluorescence [203]

phosphate oxidase

Carbamate pesticides Acetylcholine esterase Inhibition of enzyme reaction by the | Potentiometric/ [204]
analyte conductimetric

Catechol Tyrosinase Analyte as substrate Amperometric [205]

Dopamine Horseradish peroxidase Analyte as substrate Amperometric [206]

Glucose Hexokinase Changes in the intrinsic spectroscopic | Fluorescence [207]
properties of the enzyme

Glucose Glucose oxidase Glucose oxidation and generation of | Amperometric [208]
hydrogen peroxide

Heavy metals Urease Inhibition of enzyme reaction by the | Fluorescence of a pH-sensitive dye [201]
analyte

Hydrogen peroxide Horseradish peroxidase Analyte as substrate Colorimetric [209]

Hydrogen peroxide (3rd | Horseradish peroxidase Electron transfer between HRP and | Amperometric [210]

generation biosensor) the electrode surface

Inhibitors of tyrosine | Src protein tyrosine kinase Inhibition of enzyme reaction by the | Fluorescence [183]

kinases analyte

Lactic acid Lactate dehydrogenase Analyte as substrate Amperometric [211]

Microcystin Protein phosphatase 2A Inhibition of enzyme reaction by the | Colorimetric [212]
analyte

Organophosphorous Acetylcholinesterase Competition of analytes with enzyme | Amperometric [213]

pesticides reaction

Pesticides Acetylcholinesterase Analyte as enzyme inhibitor Fluorimetric [214]

Pollutants Microalgi Esterase activity on fluoresceine Fluorescence [215]

Superoxide anion Superoxide dismutase Analyte as substrate Amperometric [216]

Urea Urease Analyte as substrate Fluorescence of a pH-sensitive dye [201]

Various DNA aptamers Fluorescence [217]

Xanthine Xanthine oxidase\ superoxide | Analyte as substrate Fluorimetric [194]

dismutase\peroxidase

allowing for the application of absorption or emission detection
techniques. Moreover, silica gel preparations can be easily minia-
turized and layered on different surfaces. Several additives can be
added to the sol-gel in different phases of the preparation, resulting
in “tailored materials” suitable for a number of proteins and detec-
tion systems [50]. Table 1 summarizes some applications of silica
gel-encapsulated proteins reported in the literature [183, 194, 200-
217]. Notable examples include cases in which more proteins are
co-encapsulated to immobilize short metabolic pathways [194].
Biosensors based on modified silica gels have been recently re-
viewed [50].

Due to the biocompatibility of silica gel [195, 196] this material
has been tested as immobilization matrix for in vivo biosensors
[197], devices that can be permanently or temporarily implanted in
vivo to continuously monitor the concentration of analytes. The use
of these devices offers several advantages over conventional ex vivo
systems, particularly as they would reduce the need for blood sam-
pling and the risk of pre-analytical alteration of the sample. As for
other biosensors, biosensors to be used in vivo require the coupling
of the enzyme that interacts with the analyte with a detector ele-
ment.
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Whereas the early designs of biosensors based on silica gel-
encapsulated biomolecules were in the form of monoliths and pow-
ders, now more configurations are available, including thin films,
fibres and microarrays [50], all taking advantage of the rheological
properties of silica gel and the versatility of the sol-gel method.
Thin films were introduced to reduce the diffusion times of the
analytes, and hence, reduce the response time of the biosensor.
They can also be miniaturized and layered on conventional detec-
tion systems, such as optical fibres and electrodes. Dip casting,
spray coating and spin coating techniques have all been employed
[198]. The printing of silica gels doped with macromolecules is also
emerging as a useful approach, as it requires small volumes, is
highly reproducible and amenable to be incorporated into multi-
analyte biosensors and multiple layers [199]. To this aim, inkjet
technology has been adapted to produce printed biosensors on sur-
faces. Overall, the combination of technologies that require small
amounts of protein doped-silica gel, and the capability of depositing
them on different surfaces points towards the production of mi-
croarrays for multianalyte, high throughput systems [50].
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LIST OF ABBREVIATIONS

AOT = bis(2-ethylexyl) sulfosuccinate

ATCase = aspartate transcarbamoylase

CTAB = cetyltrimethylammoniumbromide

Cygb = cytoglobin

DGS = diglycerylsilane

GDH = glutamate dehydrogenase

GLTES = N-(3-triethoxylsilylpropyl)gluconate

Hb = hemoglobin

Mb = myoglobin

MTMS = methyltrimethoxylsilane

Ngb = neuroglobin

PEG = polyethylene glycol

PVA = polyvinyl alcohol

TEOS = tetracthyl orthosilicate

TMOS = tetramethyl orthosylicate
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