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Abstract: Despite being a promising feedstock for food, feed, chemicals, and biofuels, microalgal
production processes are still uneconomical due to slow growth rates, costly media, problematic
downstreaming processes, and rather low cell densities. Immobilization via entrapment constitutes
a promising tool to overcome these drawbacks of microalgal production and enables continuous
processes with protection against shear forces and contaminations. In contrast to biopolymer gels,
inorganic silica hydrogels are highly transparent and chemically, mechanically, thermally, and bio-
logically stable. Since the first report on entrapment of living cells in silica hydrogels in 1989, efforts
were made to increase the biocompatibility by omitting organic solvents during hydrolysis, remov-
ing toxic by-products, and replacing detrimental mineral acids or bases for pH adjustment. Further-
more, methods were developed to decrease the stiffness in order to enable proliferation of entrapped
cells. This review aims to provide an overview of studied entrapment methods in silica hydrogels,
specifically for rather sensitive microalgae.
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1. Introduction

Microalgae are a diverse group of unicellular organisms including pro- and eukary-
otes, freshwater and marine organisms, living individually and in chains or groups. They
contain high-value products such as pigments, polyunsaturated fatty acids, vitamins, and
polysaccharides, while biodiesel and biohydrogen represent low-value products [1-6].
Consequently, they are considered a promising renewable feedstock for the biotechnolog-
ical production of food, feed, fine and bulk chemicals, and biofuels. Furthermore, they
sequester atmospheric COz and can be produced throughout the year without arable land
being required [6-8]. Although the first commercialization attempts of microalgal prod-
ucts were undertaken in 1942 [9], the first success was reported in 1957 with Chlorella and
Spirulina as “health food” [10]. However, microalgal production competes with chemical
synthesis and biotechnological production with other organisms [1,8]. For this reason, mi-
croalgal production focuses on niche markets at the moment. Additionally, limited
knowledge about costs on their cultivation and processing at commercial scale is availa-
ble, and the technology for commercialization is still challenging [4,8]. Consequently,
many small- and medium-sized companies disappeared shortly after their foundation [3].

The major obstacle for the commercialization of microalgal products is the high cost
of production due to slow growth rates, costly media and photobioreactors, problematic
downstream processing, rather low cell densities, and high risk of contaminations [8,11].

A solution is provided by using immobilized microalgae. In this way, cells are effec-
tively separated from the liquid phase, which allows for cultures with high cell densities
in comparison with free cells overcoming the disadvantage of slow growth rates. Conse-
quently, harvesting is simplified as well, and the costs of downstream processing are re-
duced because of the physical separation of the microalgal biomass from the product. Ad-
ditionally, the separation of biomass and liquid phase enables continuous processes with
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dilution rates of the bioreactor higher than the microalgal growth rate without the risk of
wash-out. Hence, costs for recovery and recycling are reduced as well.

Furthermore, immobilization, especially via entrapment, protects the cells against
contaminations with other potentially predatory or competitor microorganisms. In the
case of a contamination, the media can be changed easily, preserving the producing mi-
croalgae. By analogy, immobilization via entrapment protects the cells against shear
forces induced by pumps, valves, or agitators [12-16].

Common applications are the production of metabolites, improvement of culture col-
lections handling, energy production, removal of nutrients or pollutants, and co-immobi-
lization for synergistic effects (for a review see [12]). The application in continuous pro-
duction processes is especially interesting for secreted products, either by selected wild-
type strains or by genetically engineered strains [3,17-19].

Immobilization of microorganisms in general has been of interest since approxi-
mately 1800, and industrial exploitation has been reported since 1964 [20]. In principle,
the methods can be applied to microalgae, taking into account the requirement for light
of the photosynthetically active cells and their sensitivity [12,14-16]. The immobilization
of microalgae was first published in 1966 [21] and has gained more biotechnological in-
terest since approximately 1980 [15,22].

In contrast to adsorption on carriers and aggregation of cells, immobilization via en-
trapment provides a reduced contamination of the effluent with cells leaking from the
carrier. Moreover, covalent or ionic bonds between the cells and to the carrier are omitted,
and the cells are protected against contaminations [23-25]. For the entrapment, synthetic
polymers or biopolymers can be applied in thermal or ionic gelation or complex coacer-
vation [12,13,23,26-28].

Entrapment of cells via thermal gelation is limited to cells that tolerate the required
temperatures during the gelation process. In general, temperature for gelation should be
higher than the temperature for cultivation in order to avoid destabilization of the entrap-
ment matrix during cultivation. As a consequence, if the temperature during cultivation
fluctuates too much, e.g., if the temperature is uncontrolled, cells are able to leak out of
the destabilized matrix [29,30].

Similarly, entrapment via ionic gelation is limited to cells that tolerate the involved
ions in the required concentrations. Furthermore, the entrapment matrix can be destabi-
lized in media with competing ions or by washing out the stabilizing ions in continuous
processes [31-33].

Entrapment via complex coacervation involves polymers with opposing charges and
thus is difficult to control and to predict [25,34,35].

The commonly applied biopolymers or synthetic organic polymers are susceptible to
biological destabilization through consumption or degradation by the entrapped cells on
the one hand and by contaminants on the other hand. In comparison, inorganic hydrogels
derived from silica precursors, such as alkoxysilanes and aqueous silicates, by the sol-gel
method are advantageous because of high transparency as well as chemical, mechanical,
thermal, and biological stability [36,37].

The sol-gel method involves the formation of a colloidal sol and subsequently an
integrated network. Even though the first entrapment of living cells, i.e., Saccharomyces
cerevisiae, in a silica hydrogel was reported by Carturan et al. in 1989 [38], entrapment of
viable sensitive microalgae in biocompatible silica hydrogels remains challenging due to
detrimental concentrations of organic solvents, toxic by-products, and mineral acids or
bases for pH adjustment [39-41]. Furthermore, it has been assumed that proliferation of
cells is physically restricted by the stiffness and confines of the silica hydrogel [38,40-51],
and thus growth of entrapped microalgae is rarely reported [52,53].

While other reviews focus on silica hydrogels and their biocompatibility in general
[29,36,37,54-56] or on immobilization methods for microalgae [12,15,57], this review aims
to provide an overview of studied entrapment methods for rather sensitive microalgae
via silica hydrogels. Therefore, first, an overview of the chemical reactions behind the
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preparation of silica gels is given. In this section, three different routes based on
alkoxysilanes, aqueous silicates, and aminosilanes are compared. Second, the conse-
quences for the biocompatibility of the silica hydrogels are pointed out and the reported
efforts to increase the biocompatibility are described. Third, the applied methods for mi-
croalgae entrapment are summarized.

2. Sol-Gel Methods for the Production of Silica Hydrogels
2.1. Sol Synthesis with Alkoxysilanes

Conventional precursors for sol-gel methods are alkoxysilanes such as tetraethyl or-
thosilicate (TEOS) or tetramethyl orthosilicate (TMOS). In contrast to aqueous silicates
(see the next paragraph), the condensation occurs while hydrolysis has not yet been com-
pleted.

Under acidic conditions, hydrolysis starts with protonation of the alkoxy group, making
it easier for water to attack the silicon and the alcohol demerged by a nucleophilic substitution.
The tetrad structure of the precursor is inverted in the meantime (see Equation (1)).

RO OR OR
OR" HO--Si OR HO Si  OR + RO H (1)
H
H H or H OR

At the same time, condensation starts with a protonation of the silanol group accord-
ing to Equation (2).
HO HO

HOTR/\\J—OH THY Ho:>5i_+o<: @)

The resulting silanolate-cation reacts with another silanolate group to a siloxane
bond through separation of an oxonium ion according to Equation (3).

HO OH HO OH
X- * /H / — ¥ / *
HO— |—o\ + HO—SI—R HO—S8i—O0—SI—R * H;0 3)

< : “ow < “oH

As the hydrolysis degree increases, the hydrolysis and the condensation rate decrease
[58]. For this reason, monomers and terminal groups are preferable in hydrolyzed form
[59,60]. In total, the hydrolysis rate is greater than the condensation rate. As a result, long,
hardly branched chains are generated, which grow to 2-3 nm before a network is built
and gelation starts [60].

Under alkaline conditions, a hydroxide ion attacks the silicon via a nucleophilic sub-
stitution. Subsequently, an alkoxide ion separates on the opposite site. Analogous to the
acid catalysis, an inversion of the silicon’s tetrad structure occurs (see Equation (4)).

RO RO OR OR

/ /

HO™ + RO—\Si—OR —> HO=---8i---ZOR 7> HO—SI—OR * RO~ @)
rd L “or

The condensation at alkaline conditions starts with the deprotonation of the silanol
group via separation of water (Equation (5)).

HO HO
HO—¥i—OH * OH —™ HO—\Si—O_ + H,O (5)

o o
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The resulting silanolate anion reacts with another silanol group to a siloxane bond,
analogous to acid conditions. Likewise, the reaction is supposed to follow an Sx2 mecha-
nism (Equation (6)).

HO OH HO OH

HO—\S,i—O_ * HO—SI—R —> HO—\Si—O—Si/—R + HO™ (6
R/ \OH ,J \OH

In contrast to the acid catalysis, at alkaline conditions, the condensation rate is higher

than the hydrolysis rate. Furthermore, both rates increase with an elevated degree of hy-

drolysis, and therefore highly branched clusters develop [59-61]. At alkaline conditions

and high molar water to silica ratios, colloids develop that grow via Ostwald ripening

until they are stabilized by their surface loading (Stober process) [58]. The size of the col-

loids depends on the solvent and the ratio of solvent to water [62]. The impact of the con-
ditions on the structure is schematically displayed in Figure 1.

acid catalyzed base catalyzed
hydrolysis and condensation rate: hydrolysis and condensation rate:

OR (lJH (l)H Cl)H ?H (l)H ?H ?H (l)H ?R
/Si\ > /Si\ > /Si\ > /Si\ > /Si\ Si\ > Si\ > /Si\ > /Si\ > /Si\
RO” | SOR RO” | SOR RO” | YOH RO” | SOH HO” | SOH HO” | MoH RO | MoH RO” | OH RO | SOR RO™ | “OR
OR OR OR OH OH OH OH OR OR R
khydrolysis > kcondensation khydrolysis < kcondensation

mol H,0:mol Si< 5 mol H,0:mol Si » 5

RUNESL dete ege

barely branched highly branched
chains, 2-3 nm clusters

oow

Figure 1. Schematic presentation of hydrolysis and condensation of alkoxysilanes under acidic and
alkaline conditions, modified from [58,60,61,63].

colloids

2.2. Sol Synthesis with Aqueous Silicates

Aqueous silicates such as sodium silicate belong to the conventional precursor of the
sol-gel method and are therefore well known [58,61,63—-65]. After dilution of the precursor
in water, monomers of silicic acid develop that rapidly condense. The monomers poly-
merize to particles by maximization of the Si-O-5i bonds and minimization of terminal
hydroxyl groups. For this reason, a ring formation initially occurs, to which further mon-
omers are added, resulting in a three-dimensional particle. Subsequently, the particles
grow by Ostwald ripening. The particles’ size depends on the pH and the presence of salts
[58]. This is schematically displayed in Figure 2.

At acidic pH, the solubility of a particle is low, and therefore the particles grow up to
2-4 nm before they are connected first to chains and afterward to networks. These net-
works spread in the aqueous medium before they finally gel. If the pH is lower than 2,
formation and aggregation of particles occur at the same time. After the particles have
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reached a size of 2 nm, the Ostwald ripening stops, and a network is formed from these
small particles.

C|)H
monomer HO/?i\“OH
OH
v ?H ?H
dimer HO/?i\O/Sli"“OH
OH OH
1o 1
N -0
HO//SI/ \SI\OH
cyclic compound o >O
| HO/?i\O/Sli\OH
particle OH OH
acid catalyzed
pH <7 2 nm (pH<2)
OR base catalyzed
base catalyzed with salts 2-4 nm (pH 2-7) pH 7-10
pH 7-10

100 nm

sol, no gelation;
stabilization by
surface loading

three dimensional
gel network

Figure 2. Schematic presentation of the condensation of aqueous silicates, modified from [55,60].

In contrast, at alkaline conditions, the solubility of the particles is higher. Further-
more, the condensed particles are charged, and thus they repel each other. For this reason,
an enhanced growth via Ostwald ripening instead of a connection of the particles occurs.
In the absence of salts, aggregation is lacking and a stabilized sol is developed [58,64].

At a pH greater than 2, condensation starts with the deprotonation of the silanol group
by a hydroxide ion (Equation (7)). Already condensed species are more likely ionized.

HO HO
HO—ES——OH'*OH'__*'HO—— i—O" * H,0 @)

Afterward, the silanolate anion reacts with another silanol group via separation of a
hydroxide ion (Equation (8)). In comparison, the first reaction (Equation (7)) occurs faster
than the second (Equation (8)) [58].

OH HO OH

/

HO
HO—\J—O_ * HO—SIi—OH > HO—\Si—O—SI/—OH + OH™  (8)

Hd/ “oH Hd/ “ow
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During acid catalysis, growth according to Equation (8) occurs preferably with highly
condensed and less condensed species, while during base catalysis, the charged con-
densed species repel each other. This is why at a pH greater than 7, the addition of mon-
omers is favored [58].

During the condensation at a pH smaller than 2, the addition of a proton leads to a
partially positively charged intermediate according to Equation (9).

HO HO H
HO—\Si—OH + Bt Ho_\si—é )

H</ H(/ o

The intermediate reacts with another silanol group via separation of an oxonium ion
(Equation (10)).

HO OH HO OH
\ , / \ / + (10
HO—Si—O0 ¥ HO—SI—OH _ HO—S5i—O0—Si—OH * H30

nd ; Son T L o )

2.3. Sol Synthesis with Aminosilanes

In the case of the precursor tetra(n-propylamino)silane as a representative of
tetra(alkoxyamino)silanes, investigations on the ammonolysis and the subsequent con-
densation to NSis and HNSi2 networks are reported [66,67]. It was observed that the pre-
cursor as well as the occurring by-product n-propylamine function as a base and therefore
cause the autocatalysis of the precursor [68]. Furthermore, Si-N bonds show a smaller
bond energy of 437.1 + 9.9 kJ/mol in comparison to Si-O bonds of 799.6 + 13.4 kJ/mol [69].
For this reason, the reactivity of tetra(n-propylamino)silane is greater than that of
alkoxysilanes such as TEOS [70]. As a consequence of the autocatalysis and the smaller
bond energy, the precursor reacts to the addition of water with a rapidly formed white
precipitation that was identified as (5ixOy)- [70]. This reaction (Equation (11)) takes place
at the interface of the tetra(n-propylamino)silane emulsion droplets.

NHPr

PrHN—\ii—NHPr +2 HyO —» (SixOy)z +4 NHyPr (11)

NHPr

The developed (SixOy). agglomerates and the emulsion droplets of the precursor form
a turbid dispersion in the aqueous medium. The increasing alkalinity based on the devel-
oped by-product causes a fragmentation of the agglomerates according to Equation (12)
and dilutes in the aqueous solution. The resulting polydisperic sol is transparent and dis-
plays particles comparable with basic catalyzed TEOS gels [70].

(SiOy)z * OH ™ =2 SixOy(OH): (12)

The described development of a particulate sol in aqueous media at basic conditions
is displayed in Figure 3.
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5i,0,(OH),

HO-

(Si.0,),~
H O X=yiz
2 Agglomerate

Figure 3. Schematic representation of the reaction of tetra(n-propylamino)silane with water, modi-
fied from [68,70].

2.4. Gel Synthesis

Entrapped cells are affected by the gel time due to sedimentation of the cells and
delay until the hydrogel can be covered with cultivation medium to supply nutrients [41].
The gel time is specified as the time until the gel point is reached, which in turn is defined
as the time when an infinite, spanning polymer or aggregate first appears [71]. Conse-
quently, the gel time is a function of the hydrolysis and condensation rate and therefore
depends on the pH value as well [58,72]. In case of alkoxysilanes, the rate of hydrolysis is
linearly proportional to the concentration of acid and base [72]. Below the isoelectric point,
i.e, pH 2, the rate of hydrolysis is large compared to the rate of condensation. Conse-
quently, at large molar water/silica ratios (H20:5i > 4), the hydrolysis will be complete at
an early stage of the reaction [58]. At intermediate pH conditions, i.e., between pH 3 and
pH 8, the rate of condensation increases with the pH value, while the rate of hydrolysis
goes through a minimum at approximately neutral pH. As a consequence, hydrolysis is
rate-limiting for gelation at these pH conditions [58,72]. Above pH 7, condensation occurs
by nucleophilic displacement reactions via SiO- anions, preferentially between protonated
and deprotonated acidic species [58]. For this reason, the rate of condensation decreases
with increased pH due to mutual repulsion.

In the case of diluted aqueous silicates, hydrolysis is immediately and fully com-
pleted at all pH conditions. Hence, the gel time solely depends on the condensation time.
Around pH 1.5-3, sols display a maximum stability, and therefore the longest gel time.
The rate of condensation is proportional to the concentration of protons. Between pH 2
and 7, the condensation rate is proportional to the concentration of hydroxide ions. Con-
sequently, the gel time decreases with the pH, with a minimum at pH 5-6. Above pH 7,
the particles are charged and therefore mutually repulsive. For this reason, the particles
grow, but no gelation can be observed. The addition of salts lowers the ionic charge on
particles, and therefore a gelation is possible and the gel time decreases [58,64]. The rela-
tive reaction rates of hydrolysis and condensation as well as the gel time are displayed in
Figure 4.
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N~ concentration
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relative reaction rate
(solid lines)
1/ gel time
(dashed and dotted lines)

hydrolysis and condensation

*\ / alkoxysilanes

0 2 4 6 8 10
pH

Figure 4. Schematic representation of hydrolysis and condensation rate as well as gel time in de-
pendence of the pH; from [58,64,72,73].

Besides the gel time—the time until nutrients can be added to the entrapped cells—
the diffusion rate of nutrients and therefore the gel structure affects survival, growth, and
productivity of entrapped cells. The gel structure, more precisely the pore size and its
distribution, depends on the gel formation process [61]. Three gel formation processes are
mainly distinguished, i.e., polymeric, cluster, and colloidal gel formation (Figure 5).

polymeric gel formation cluster gel formation colloidal gel formation
alkoxy silanes, alkoxy silanes, alkoxy silanes,
acid catalyzed base catalyzed, base catalyzed,
mol H,0:mol Si <5 mol H,0:mol Si » 5

aqueous silicates

=

barely branched highly branched

- colloids
chains, 2-3 nm clusters

Figure 5. Schematic presentation of the polymeric, cluster, and colloidal gel formation, modified
from [60,61,64].
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Polymeric gel formation occurs with alkoxysilanes as precursor at low molar water
to silica ratios (H20: Si < 5) and acid catalyzed conditions. The linear or randomly
branched polymers entangle and form additional branches resulting in gelation.

In contrast, at high molar water to silica ratios and/or base catalyzed conditions, the
highly branched clusters do not interpenetrate before gelation and thus behave like discrete
species. Gelation occurs by linking together clusters similar to colloidal gel formation [61].

Colloidal gel formation is a commonly known process based on aqueous precursors.
As briefly described in the previous chapter, gelation of aqueous colloidal particles occurs
only at pH values below 7 or in the presence of salts. When two particles collide, neutral
and protonated silanol groups on the surface of the particles condense to form Si-O-Si link-
ages. In the presence of soluble silica or monomers, the particles are cemented together [64].

3. Biocompatibility

The biocompatibility of silica hydrogels is limited for three main reasons:

First, alkoxysilane precursors such as TMOS or TEOS are poorly soluble in water,
and therefore the conventional sol synthesis applies organic solvents, e.g., the alcohol that
is already released during the hydrolysis.

Second, osmotic stress is generated by the addition of acids or bases as catalysts to
increase the reaction speed during hydrolysis and condensation and to modify the molec-
ular structure of the resulting hydrogel. Further ions are added by adjusting the pH of the
sol and therefore of the resulting hydrogel with mineral bases or acids.

Third, the stiffness of conventional silica hydrogels is discussed to limit or even pre-
vent proliferation [38,40-51,74-76].

3.1. Conventional Sol-Gel Method for the Entrapment of Insensitive Biological Material

For these reasons, the entrapment by the conventional sol-gel method is limited to
biological material that tolerates the applied solvents, the released by-products, and the
applied acids or bases for catalysis and pH adjustment. The first pioneering studies re-
ported the entrapment of Saccharomyces cerevisiae by Carturan et al. in 1989 [38] and of the
alkaline phosphatase by Braun et al. in 1990 [77]. In both cases, the entrapped biological
material tolerates the applied and the released alcohol. Hence, the entrapped enzyme as
well as the yeast cells were reported to show activity; however, this was reduced to free
biocatalysts. This is why the synthesis conditions were assumed to be in principle biocom-
patible by these authors.

The biocompatibility of silica hydrogels was increased by omitting alcohol as a sol-
vent on the basis of the observation that the alcohol released during hydrolysis sufficiently
increased the solubility of the precursor [78].

3.2. Reduction of Released By-Products and Avoidance of Increased lon Concentrations

As reviewed by Coradin and Livage [39], the limitation of biocompatibility due to
the release of the alcohol as a by-product during hydrolysis can be reduced by different
methods (see Figure 6):

- mixing water and precursor in a high ratio [79];

- modification of the precursor with biocompatible alkoxides, e.g., to poly(glyceryl sil-
icate) [80];

- application of the precursor from the gas phase during which the alcohol evaporates
and contact with the entrapped material is avoided (Biosil method) [54,55,81-84];

- dip-coating of a carrier in order to create a thin layer of a few micrometers from which
the released alcohol can evaporate quickly from the close proximity of the entrapped
biological material [38,85,86];

- evaporation of the alcohol released from the sol before the biological material is
added [44,55,76,87-91].
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b ROH Biosil
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ROH

W evaporation of alcohols

~ 2
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via ion exchanger
Si(O Me™),

Figure 6. Schematic representation of methods for mitigating the concentration of by-products in
order to increase the biocompatibility of the sol-gel method for hydrogel production.

Another method to avoid organic solvents is the application of aqueous silicates as
precursors for synthesis. On the one hand, the disadvantages compared to alkoxysilanes
originate in the limitation of the precursor concentration and the pH as well as in the re-
actions that are difficult to control. The latter is caused by the mixture of oligomers, while
alkoxysilanes exist in the solution as monomers. On the other hand, the advantage of
aqueous silicates originates in the metal ions that are released as by-products. Since they
occur naturally, some microorganisms show a tolerance towards them [39]. For the en-
trapment of cells that are sensitive to the induced osmotic stress, the cations are removed
via strongly acidic ion exchangers [43,44,76,92-96] (see Figure 6).

Another possibility to avoid organic solvents as well as acids and bases as catalysts
arose from the novel silica precursor tetra(n-propylamino)silane, which exhibits higher
reactivity when compared to the use of alkoxysilanes [70].

In order to adjust the pH of the sol and hence of the silica hydrogels, mineral acids
and bases, e.g., hydrochloride acid, potassium, sodium, or ammonium hydroxide are con-
ventionally applied [41,42,46,51,97-103]. Alternatively, the pH is adjusted by resolving the
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biological material in specific buffers and mixing the solution in an appropriate amount
of the sol so that the desired pH is reached [36,55,89,92,93,99,104-108].

3.3. Facilitation of Cell Proliferation by Reducing the Stiffness

In the past years, yeasts such as S. cerevisiae [38,45,86,102,109-111], bacteria such as
Escherichia coli and Bacillus subtilis [40,47,48,51,85,88,93,99-101,103,104,107,108,112-123],
cyanobacteria such as Synechococcus or Synechocystis [41,46,76,94,97], and microalgae such
as Chlorella vulgaris [42-44,74,75,98,124-133] have been entrapped in silica hydrogels. De-
spite the numerous publications on the entrapment of whole cells in silica hydrogels, pro-
liferation and growth has been barely reported [85,86,103,109,116]. On the one hand, on
the basis of the application as a biosensor, cell growth has not been a focus of research. On
the other hand, a commonly known disadvantage of silica hydrogels is their stiffness
[80,134-138], which is discussed to limit or even prevent proliferation [38,40-51,74-76].

In order to enable cell growth, a two-step method has been developed. Here, cells
were entrapped in a biopolymer hydrogel that was afterward entrapped in silica hydro-
gels [111,117,119,126,139].

Alternatively, composites (also called hybrids) of silica hydrogels and biopolymers
have already been investigated. Furthermore, organic or biological additives increase the
stability and bioactivity of the entrapped biological material [95], for example by creating
a hydrophilic environment [138]. As described by Coradin et al. [56,89], the most fre-
quently added polymers are proteins such as gelatin [55,91,100,101,140-145] and polysac-
charides such as cellulose [50,55,136,143], alginate [39,49,54,55,89,95,99,143-145], and chi-
tosan [55,108,136-138,142,143,146-162].

Besides biopolymers, the synthetic polymer polydiallyldimethylammonium chloride
(PDADMAC) was utilized for the production of composites: cells were entrapped in an
alginate—silica composite by dropping a mixture of cells, sodium alginate, and a silica pre-
cursor into a mixture of calcium chloride and PDADMAC. As a result, a double network
of calcium alginate and silica hydrogel with a shell of PDADMAC was created [96,131-
133], in which cell growth was enabled [131].

4. Entrapment of Microalgae in Silica Hydrogels
4.1. Entrapment of Microalgae in Alkoxysilanes

Alkoxysilanes, mostly TEOS and rarely TMOS, have been applied for the entrapment
of the green microalgae Chlorella vulgaris, Haematococcus pluvialis, and Chlamydomonas rein-
hardtii, as well as the cyanobacteria Anabaena and Synechocystis sp. Applied TEOS concen-
trations of 5 wt % to 22 wt % released ethanol in concentrations of 0.92 to 4.24 mol/L, while
applied TMOS concentration of 6.87-11.70 wt % released 4.6—7.88 mol/L methanol. In or-
der to reduce the detrimental effect of the released alcohols, dip-coating of a carrier to
create a thin layer [75] as well as evaporation of alcohols were applied [46,52,53,74,76]. In
all reviewed studies, sol-gel synthesis was acid catalyzed, resulting in barely branched
chains and a polymeric gel formation (see Sections 2.1 and 2.4). Where necessary for in-
creased biocompatibility and for induction of gelation, the pH was adjusted with NaOH,
KOH, or phosphate buffer (see Table 1). In one study, a polyether-modified polysiloxane
enhanced the mechanical stability, which led to decreased cell loss of the thin layer [75].

Furthermore, organically modified silanes, so-called ORMOSILs, were employed. In
this way, the presence of a covalently bound functional group can alter the structure of the
matrix by reducing subsequent cross-linking as well as hydrolysis and condensation reac-
tions through electrostatic interactions and steric hindrance. These modifications were re-
ported to increase the mechanical stability [74,75]. Additionally, the functional group can
alter the interaction between the hydrogel and the pore fluid and encapsulated cells. For
example, MTES induced hydrophobic methyl groups into a generally hydrophilic matrix.
Interactions between the resulting hydrogel and entrapped cells depended on the cells” hy-
drophobicity [46]. Consequently, viability and cell growth were limited and species-specific.
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While Chlorella vulgaris and Anabaena sp. cells entrapped in MAPTS (3-(trimethoxysilyl)pro-
pyl methacrylate)/TMOS or MTMOS (methyltrimethoxysilane)/ TMOS/PhTMOS (phenyltri-
methoxysilane) gels showed signs of cell death [74], Haematococcus pluvialis cells entrapped
in TEOS/GLYEO ((3-glycidyl-oxypropyl)triethoxysilane) gels were viable for 40 days and
able to produce the carotenoid dye astaxanthin [75].

Table 1. Overview of microalgae entrapment in alkoxysilanes. TEOS: tetraethyl orthosilicate;
GLYEO: (3-glycidyl-oxypropyl)triethoxysilane; MTES: methyltriethoxysilane; MAPTS: 3-(tri-
methoxysilyl)propyl methacrylate; TMOS: tetramethyl orthosilicate; MTMOS: methyltrimethox-
ysilane; PhTMOS: phenyltrimethoxysilane.

re pH . . L.
Silica Precurs?r and Catalysis Adjust-  Additives Mlcroalgae{ Char‘:act(?r.lstlcs/ Purpose/Aim  Ref.
Concentration Cyanobacteria Viability
ment
TEOS: %s;i)};::gll’ continuous pro
0.45 mol/L/2.27 wt % or . ! entrapped cells . P
o acid polyether- Haematococcus . duction of the
1.79 mol/L/9.25 wt % catalysis B modified luvialis viable for more carotinoid dye [75]
TEOS/GLYEO: y : P than 40 days . th_g’
0.4 mol/L/2.05 wt % POy astaxantit
siloxane
TEQOS: 1.06-1.70 mol/L/ enabling (pro-
6.46-15.55 wt % acid  adjusted to Synechocystis . longed) viability
. . Hz production o
TMOS: 1.15-1.97 mol/L/ catalysis 8 with  glycerolor sp. PCC 6803 for 5 davs similar and activity for [46]
6.87-11.70 wt%  with HCl NaOHor PEG400 wild-typeand . fray lle * important biotech-
MTES: 1.09-1.79 mol/L/ or HNOs ~ KOH mutant M55 o0 °  nological applica-
6.67-11.14 wt % tions, such as bio-
TEOS: acid 4 lycerolor Symecoeysis T PO e e
1.70 mol/L/10.56 wt % catalysis O - ° PEG200 sp.PCC 6803 > y ’
sol ratio over 6 weeks here Ha
MAPTS/TMOS: Chlorella electrochemical
2.75 mol/L/17.38 wt %; acid vulgaris no viability upon sensors; bioreme
MTMOS/TMOS/PhTMO , - - 8aTts, ty upon sensors; b [74]
S: catalysis Anabaena sp. entrapment  diation with non-
2,51 mol/L/15.23 wt % PCC7120 living tissue
TEOS: hotosynthetic  continuous pro
0.23-1.06 mol/L/5-22 wt . adjusted to Chlamydomonas P . ,y . P [52]
acid . . .. activity and ~ duction of second-
% catalysis 7.2-74 chitosan reinhardtii rowth similar t ry metabolites
TEOS: 1.06 mol/L/22 wt Y™ with TRIS wildtype cc-1248"° arto aymen
o free cells (H2) [53]
immobilization
had a stabilizing
sol syn- s
i effect, viability at
. thesis whole-cell
Tetrakis(2-hydroxy- . . . elevated temper- .
. without gelation at Porphyridium . biosensor for
ethyljorthosilicate: additional H6 h urpureum ature; pigment aqueous contami- [163]
2.20 mol/L/12.01 wt % . p purp fluorescence q
acid or ) nants
showed reusabil-
base . .
ity and stability

over 2 weeks

In order to further increase the biocompatibility, glycerol, sorbitol, and/or polyeth-
ylene glycol were added to the gels. Addition of sorbitol or glycerol stabilized cell vitality
of Haematococcus pluvialis, also upon astaxanthin extraction with solvents [75]. While glyc-
erol had a negligible effect on hydrogen production in wild-type Synechocystis sp. cells
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and hindered hydrogen production in the mutant cells, polyethylene glycol 400 improved
hydrogen production. Finally, hydrogen production was observed for 5 days, similar to
free cells [46].

In comparison with silica hydrogels prepared via other routes, photosynthetic activity
of Synechocystis sp. was diminished and less stable in TEOS-derived silica hydrogels [46,76].
Similar observations were reported for the microalga Chlamydomonas reinhardtii [52,53].

Besides additives, one study investigated the application of the alkoxide precursor
tetrakis(2-hydroxyethyl)orthosilicate with the more biocompatible by-product glycolic
acid. The precursor was applied in a concentration of 12 wt % to immobilize the microalga
Porphyridium purpureum. For the sol synthesis, no additional acid or base was necessary.
The gelation occurred upon mixing with the cells at pH 6. The entrapped cells showed a
stable viability at elevated temperatures as well as pigment fluorescence over two weeks.
Hence, the potential application as whole-cell biosensor for aqueous contaminants was
demonstrated [163].

4.2. Entrapment of Microalgae in Aqueous Silicates

A possibility to avoid the inhibitory by-products of alkoxysilanes is the application
of aqueous silicates such as potassium, lithium, or sodium silicates. Here, the metal ions
occur as by-products. Commonly applied sodium silicate concentrations of 1.06-19 wt %
resulted in  sodium ion  concentrations of 064 to 188 mol/L
[41,42,97,98,124,129,130,164,165]. It has already been applied for the entrapment of the mi-
croalgae Chlorella vulgaris, Dictosphaerium chlerelloides, Scenedesmus intermedius, Scenedes-
mus sp., Mesotaenium sp., and Cyanidium caldarium as well as the euglenoid Euglena gracilis
and the cyanobacteria Anabaena flos-aqua, Synechococcus sp., and Cyanothece
[41,97,98,124,129,130].

In all reviewed studies (see Table 2), the sol synthesis was base catalyzed, and the pH
was adjusted with HCl, resulting in colloidal gel synthesis (see Sections 2.2 and 2.4). In most
of the studies, the colloidal suspension of nanoparticulate silica, i.e,, LUDOX®, was added
to the sol in order to increase the silica content and reinforce the gel. However, one study
indicates that the colloidal silica adsorb on the cell wall, forming a crust that potentially
blocks active transport sites and limits cell activity of C. caldarium cells. Moreover, the au-
thors argued that the nanoparticles are small enough to be potentially internalized [42]. This
effect seems to be species-specific, as other microalgae and cyanobacteria show cell activity
in LUDOX®-reinforced silica hydrogels [97,98,124,129,130,164,165]. It was discussed that ob-
served harmful effects of elevated LUDOX® concentrations from 1 to 3 mol/L on entrapped
Anabaena flos-aquae could be caused by an increased Young’s modulus [130].

Table 2. Overview of microalgae entrapment in aqueous silicates. APTMS: aminopropyl trimethox-
ysilane; ETES: ethyltriethoxysilane.

. ~ pH . . -
Silica Precurs?r and Cat:‘:lly Adjust- A.ddl Mlcroalgae{ Charflcte.er.lstlcs/ Purpose/Aim Ref.
Concentration sis tives Cyanobacteria Viability
ment
Dictyosphaerium
ot s Sl oo
0.16 mol/L/1.08 wt % 9 with HCI predesTIs Tiere - cence Sy o
dius, weeks .
- whole-cell bi-
base Scenedesmts sp. osensor for
Sodium silicate + LU- catalvsis adjusted to Mesotaenium s chlorophyll fluores- AQUEOUS
DOXe®: Y 7.5-8.0 Symechococcus f ’ cence; storage time con?aminants [164]
2.97 mol/L/14.86 wt % with HC s P 408 weeks
i ili LU- hl hyll f1 -
Sodium silicate + LU adjusted to Chlorella vulgaris criorophy uorfes
DOX®: 7 with HCI glycerol CCAP 211/12 cence, 4 weeks via- [98]
3.96 mol/L/18.34 wt % ble
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Sodium silicate + LU-
DOXe®:

0.61 mol/L/3.04 wt %
with APTMS: 0.63
mol/L/

3.18 wt %
with ETES: 0.64 mol/L/
3.19 wt %
Sodium silicate + LU-
DOXe®:
0.37-2.93 mol/L/
1.84-14.70 wt %
Sodium silicate + LU-
DOXe®:

5.9 mol/L/27.57 wt %
Sodium silicate + LU-
DOXe®:

3.7 mol/L/8.56 wt %

Sodium silicate + LU-
DOXe:
5.9 mol/L/27.57 wt %
Sodium silicate:
4.1 mol/L/19 wt %

activity for 5 weeks [124]

organosilanes ena-
ble stable sensitiv-
adjusted to ity to herbicides

6 with HCl and metal ions; no [165]
Anabaena flos-aqua, L.
. investigation of the
- Chlorella vulgaris,
. cells
Euglena gracilis
adjusted to chlorophyll fluores- aiﬁ?;iigi_
5-7 with cence; “best gel” nological a [130]
HClI species-specific gica’ap
plication
Synechococcus sp. PCC  viability of cells enabling (pro-
6301, PCC 7002, over 3 months; bio- " d)gv igbﬂ_ [97]
adjusted to Iveerol Cyanothece PCC 7418  activity of cells it gan d acti
8 with HCl &7 Synechococcus PCC chloronhvll intact i’ for imv
6301, PCC 7002, PCC Py by . [41]
7418 for several months portant bio-
. L technological
proliferation lim- apolications
) ited; photosynthe- PP .
adjusted to s . - . such as biofu-
78 with B Cyanidium caldarium sis in gels without els and (sec-  [42]
SAG 1691 additives; chloro-
HCI ondary) me-
phyll stable for 4 ;
months tabolites

In order to prevent osmotic shock induced by the upcoming sodium ions, glycerol
was added to the sol or to the cells before mixing with the sol in some studies
[41,42,97,98,124]. Furthermore, minimizing cracks in the gel microstructure and improv-
ing mechanical properties have been discussed [98,124]. However, while in some cases
glycerol slows down the rate of degradation of the photosynthetic pigments within the
cyanobacteria cells and consequently preserves the viability [41], in other cases, no effect
of glycerol on chlorophyll fluorescence was observed [98,124], and for some organisms
and strains, the addition of glycerol is not even biocompatible [42,97]. The observed det-
rimental effect of glycerol was attributed to reduced surface area and pore volume, hence
closing pores that potentially reduce diffusion of nutrients [41].

The reviewed studies aimed at whole-cell biosensors for aqueous contaminants on
the basis of the fluorescent properties of photosynthetic pigments or presented the results
as a first step toward important biotechnological applications, such as biofuels and (sec-
ondary) metabolites, however, without giving insights on specific products. All studies
reported the viability of cells, while a proliferation was only observed for Synechococcus.
However, proliferation was limited to two generations, which the authors attributed to
space limitations in the silica hydrogel [41,97].

4.3. Entrapment of Microalgae in Aqueous Silicates with Metal Ion Removal

In order to further increase biocompatibility, sodium ions can be removed with an
ion exchanger before the cells are added to the sol, resulting in the so-called “low-sodium
route.” Consequently, higher precursor concentrations, i.e., 4.8-25 wt %, were applied in
comparison to 1.06-19 wt % without ion removal (see the previous paragraph). By apply-
ing an ion exchanger, the sol acidifies, causing acid catalysis.

However, when LUDOX® is added to the sol in order to strengthen the gel analogous
to the previously described sodium silicate-based gels, the sol turns alkaline again.
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Therefore, the pH was adjusted with HCl. With this method, two strains of the cyanobac-
terium Synechococcus sp. have been entrapped. While the addition of the nanoparticles has
a beneficial effect on the viability of the cells over time, the mechanical stability was en-
hanced upon depletion of LUDOX®. In fact, the gel prepared with the medium low in
sodium ions for the freshwater Synechococcus strain was reported to liquefy more quickly
than the gel prepared with the salt-water medium for the marine strain. This indicates the
need of sodium ions for gel formation in presence of silica nanoparticles.

Since the sodium ions of the silicate precursor were removed via an ion exchanger
and LUDOX® was omitted, glycerol was no longer necessary to prevent osmotic stress of
the cells. With this method, entrapped cyanobacteria cells produced oxygen for 17 weeks
[94]. Similarly, the addition of glycerol and polyethylene glycol was observed to be detri-
mental toward entrapped Synechocystis sp. cells. Nevertheless, cells entrapped in silica
hydrogels prepared via the “low-sodium route” displayed a higher vitality than en-
trapped in TEOS-derived hydrogels. Furthermore, photosynthetic activity was reported
for 8 weeks in aqueous silica gels compared to 6 weeks in TEOS-based hydrogels [76].

As an alternative to LUDOX®, 5iO: nanopowder was added to the sol to strengthen
the gel. The pH of the sol remained acidic upon addition of the nanopowder, and thus the
pH was adjusted with KOH. In contrast to LUDOX®, the aggregates of the nanopowder
were too large to be internalized within the cell and were shown to maintain the amount
of viable Cyanidium caldarium, Chlorella vulgaris, and Botryococcus braunii cells and their
activity in the hydrogel. Furthermore, the nanopowder not only delayed liquefaction of
the gels, but also increased diffusion. It was discussed to be caused by the created void
pockets around the silica aggregates found in close proximity to the cells. Microalgae en-
trapped via this method showed oxygen production for 75 days [43,44].

Despite the improvement of the viability by removing the sodium ions, cell growth
was still limited, which was again attributed to space limitations [43]. The application of
the low-sodium route together with the addition of chitosan as well as pH adjustment
with tris(hydroxymethyl)aminomethane allowed entrapment of viable and growing Chla-
mydomonas reinhardtii [52,53].

In all reviewed studies, the authors aimed at enabling viability and activity for im-
portant biotechnological applications, such as biofuels and (secondary) metabolites with
simultaneous CO: mitigation (see Table 3).

Table 3. Overview of microalgae entrapment in aqueous silicates with metal ion removal.

Silica Precursor and
Concentration

pH Addi- Microalgae/ Characteristics/

Sodium silicate:
4.7 mol/L/21.76 wt %;
sodium silicate + SiO2

nanopowder:
5.13 mol/L/25.7 wt %

Sodium silicate:
0.55 mol/L/4.80 wt %
sodium silicate + LU-

DOX®:
1.02-2.15 mol/L/
9.41-23.24 wt %

LUDOX®: HCI (with

Catalysis Adjustment tives Cyanobacteria Viability Purpose/Aim  Ref.
Cyanidium oxygen produc
caldarium tioigforI;S days 144l
SAG 16.91 S CO» mitigation, ox-
tion of envi-
acid adjusted to 6 vu?:lzifoizelslj& G viable cells, chlo- ﬁ’:f;i;?; Or((:cril;,i:
catalysis ~ with KOH & rophyll fluores- | /P
211-11b, tion of secondary
cence, oxygen . [43]
Botryococcus production, pro- metabolites
bratgg;ﬁAG liferation limited
without adjusted to . .
LUDOX®:  7-8 with preservation of  enabling (pro-
acid KOH Synechococcus the photosyn-  longed) viability
catalysis  (without glycerol sp. PCC 6301 tic pigment of and activity forim- g,

up to 35 weeks; portant biotechno-
oxygen produc-  logical applica-
tion for 17 weeks tions, such as

with LUDOX®) or and PCC 7002

base LUDOX®)
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catalysis biofuels and (sec-
ondary) metabo-
lites
Sodium silicate: hotosvnthetic
0.3-0.88 mol/L/7-25 wt . adjusted to Chlamydomonas PROTOSYRINEIE continuous produc- [52]
o acid : : . y activity and ,
%o catalysis 7.2-7.4 with chitosan  reinhardtii growth similar to tion of secondary
sodium silicate: TRIS wildtype cc-124 free cells metabolites (Hz) (53]
0.88 mol/L/20 wt %

4.4. Entrapment of Microalgae in Aminosilane-Based Silica Hydrogels

The precursor tetra(n-propyl amino)silane, an aminosilane precursor, is reported to
autocatalyse. The emerged sol displays particles comparable with basic catalyzed TEOS
gels (see Section 2.3).

This precursor has already been employed for the entrapment of C. reinhardtii with-
out morphological changes of entrapped cells. However, the quantum yield of photosys-
tem II and the oxygen consumption rate were drastically reduced, and an oxygen produc-
tion was not observed. The investigation stopped observation after 2 h after entrapment
[70]. The by-product of this precursor, i.e., n-propylamine, can act analogously to the herb-
icide atrazine [166-169]. Analogous to the low-sodium route for aqueous silicates, n-prop-
ylamine can be removed via ion exchanger. Hydrogels prepared via this low-propylamine
route enabled the entrapment of photosynthetically active and growing Chlamydomonas
reinhardtii cells (see Table 4) [52,53].

Table 4. Overview of microalgae entrapment in aminosilane-based silica hydrogels.

Reduction of

- ) pH . . -
Silica Precurs?r and Catalysis By-Product Adjust- A-ddl Mlcroalgae{ Char:jlcte‘er.lstlcs/ Purpose/Aim Ref.
Concentration Concentra- ment tives Cyanobacteria  Viability
tion
. entrapment
adj uSt?d Chlamydomonas photosynthetic of sensitive
Tetra(n-propyla- to 7 with , . .. . .
. . reinhardtii  activity drasti- material in
mino)silane: catalysis B anun- - wild-type cc-  cally reduced highly trans [70]
0.96 mol/L/25 wt % y specified yp y S
. 124 over 2 h parent hydro-
acid
gels
Te:;?rEZ;I:irIZEZ‘I i photosynthetic continuous
0.19-0.96 mol/L/ . removal 9f adjusted Chlar‘nydomc??aas activity and production of [52]
o acid propylamine to7.2-7.4 . reinhardtii growth of en-
5-25 wt % . e . chitosan | . secondary
catalysis viaion ex- with TRIS wild-type cc- trapped micro- .
tetra(n-propyla- .. metabolites
N changer buffer 124 algae similar to
mino)silane: free cells (Ho) [53]
0.96 mol/L/25 wt %

4.5. Core-Shell and Two-Step Entrapment of Microalgae

In order to overcome the stiffness of the silica hydrogels that are discussed to limit
cell proliferation of entrapped cells, hybrid core-shell beads were employed for the en-
trapment of the microalgae Dunaliella tertiolecta and Chlamydomonas reinhardtii. Therefore,
an aqueous sol was cleared of sodium ions with the help of an ion exchanger and pH
adjusted to 5.1 with NaOH, mixed with sodium alginate and the cells, and finally dropped
into a mixture of PDADMAC and calcium chloride to induce condensation of the silica
precursor and gelation of the alginate. Moreover, PDADMAC builds an external layer by
ionic polymer coating around the beads that enclosed the rigid silica hydrogel. Entrapped
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cells were observed to produce oxygen for 4 and 13 months in cases of C. reinhardtii and
D. tertiolecta, respectively. However, no cell growth was reported [96,132,133].

Viability of entrapped cells for several weeks or even months as well as ¢ growth of
entrapped green microalgae has been reported when Chlorella vulgaris, Pseudokirchneriella
subcapitata, and Chlamydomonas reinhardtii were entrapped via a two-step method: in the
first step, the cells were entrapped in calcium alginate beads, which were entrapped in
silica hydrogels in a second step. As silica precursor for the second step, either TEOS with
the evaporation of released alcohol [126,127], in one case in combination with a diamine-
functionalized silane [127], or sodium silicate with the addition of LUDOX® was applied
[125,128,170]. Mostly, the authors envisioned the application of the entrapped cells as
whole-cell biosensor for aqueous contaminants (see Table 5).

Table 5. Overview of core-shell and two-step entrapment of microalgae. TEOS: tetraethyl orthosilicate.

Reduction

Silica Precursor pH
ly- of By-Prod- Microal h isti
and Concentra- Cat.a y- of By-Prod Adjust- Method ‘croa gae{ c ar?cte.ar.lstlcs/ Purpose/Aim Ref.
. sis uct Concen- Cyanobacteria Viability
tion . ment
tration
oxygen produc- enabling [96]
tion and chloro-  (prolonged)
Dunaliella phyll fluores-  viability and
. N ' removal of  pH ad- ' tertiolecta cence sho'w php— ' activity fo.r [132]
Sodium siliate:  acid . . hybrid tosynthetic activ- important bio-
the sodium justed to . .
0.72mol/L/  cataly- . . ... core-shell ity for 13 months technological
. ions viaion 5.1 with .
37.56 wt % sis beads s applications,
exchanger = NaOH viability and cel- . .
. like biofuels
Chlamydomonas lular functional-
. .. . and (second- [133]
reinhardtii ity for more than
ary) metabo-
4 months .
lites
development
of robust silica
adjusted hydrogels with
with phos- ;Eg;:‘i }t11yoli1 CeOz nano-
TEOS: acid . phate Chlorella vulgaris (green intensity) particles that [126]
evaporation buffer pH . ...  protects encap-
1.66 mol/L/  cataly- at UV irridation
, of alcohols 7 sulated cells
10.15 wt% sis
for green en-
ergy
. cell growth was
adjusted
with KOH tV\;(;StGp unacffe:teldt:)ynen— [127]
emeil’: Chlorella vulgaris, h P L;auc;l
Pseudokirchneri- < b > 11O
Sodium silicate + ella subcapitata rescence; growth
" in caldi lgi- whole-cell bio- [12
LUDOX®: Chlamydomonas mea c1gm algi- whole-cell bio- [125]
. y nate voids was  sensor for
7.95 mol/L/ , reinhardtii
base adjusted to hardly affected aqueous con-
36.75 wt % . .
cataly- - 6.5 with chlorophyll taminants [128]
sis HCl fluorescence
. i oation of
Sodium silicate + Chlorella oulgaris, éﬁlzsilfr?:;rlr(;—
Pseudokirchneri- [170]

LUDOX®:

ella subcapitata,

tion, ratio of pre-
Cursors,
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0.65-2.17 thickness, and
mol/L/3.53-11.04 cell loading on
wt % sensor’s perfor-
mance
activity main-
TEOS + diamino- ) tained for 8
functionalized evaporation adjusted to weeks; cell
. ataly- 7.5 with Chlorella vulgaris N . [131]
silane: 0.17 . of alcohols HCl growth in algi-

mol/L/3.16 wt %

nate voids ob-
served

5. Conclusions

Despite being a promising entrapment material due to the high transparency and
biological, chemical, mechanical, and thermal stability, silica hydrogels still display a lim-
ited biocompatibility caused by the by-products that are released during hydrolysis of the
precursors, by pH adjustment of the sol with mineral bases and by the stiffness of the
corresponding hydrogel.

As a closer look at microalgae entrapment in the previous chapter reveals, the devel-
opment of biocompatible silica hydrogels focused on the precursor selection, the choice of
acid or base for pH adjustment, and the addition of other (bio)polymers. While pigment
stability, photosynthetic activity, bioactivity, and cell growth have been investigated, the
transparency and stiffness of the hydrogel have rarely been reported.

On the basis of the given overview, an in-depth understanding of how the sol and
hydrogel synthesis as well as the resulting structures affect the viability, activity, and pro-
liferation capability of entrapped microalgae cells is still needed.

Future developments of biocompatible silica hydrogels for the entrapment of sensi-
tive, photosynthetically active microorganisms may include the synthesis of novel silica
precursors that release non-toxic by-products or by-products that even improve viability
and/or growth of the entrapped cells. Further organic and inorganic compounds may be
screened for their potential application as plasticizers of silica hydrogels in order to de-
crease stiffness, improve abrasion resistance, and increase the growth capacity of en-
trapped cells.

Author Contributions: Conceptualization, S.V.H. and A.V.P.; writing—original draft preparation,
S.V.H.; writing—review and editing, S.V.H. and A.V.P.; visualization, S.V.H.; supervision, A.V.P,;
project administration, A.V.P.; funding acquisition, A.V.P. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is supported by the Ministry of Innovation, Science, Research and Technology
of the State of North Rhine-Westphalia (MIWFT) as part of the research cooperation “MoRitS—
Model-based Realization of intelligent Systems in Nano- and Biotechnologies” (grant no. 321—
8.03.04.03—2012/02). Furthermore, it is funded by BMBF, grant number 13FH556IX6, by the
Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) (grant no. 490988677) and
by the University of Applied Sciences Bielefeld.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.



Polymers 2022, 14, 1391 19 of 25

References

1. Borowitzka, M.A. High-value products from microalgae—Their development and commercialisation. ]. Appl. Phycol. 2013, 25,
743-756. https://doi.org/10.1007/s10811-013-9983-9.

2. Borowitzka, M.A.; Moheimani, N.R. Sustainable biofuels from algae. Mitig. Adapt. Strateg. Glob. Change 2013, 18, 13-25.

3. Fresewinkel, M.; Rosello, R.; Wilhelm, C.; Kruse, O.; Hankamer, B.; Posten, C. Integration in microalgal bioprocess development:
Design of efficient, sustainable, and economic processes. Eng. Life Sci. 2014, 14, 560-573. https://doi.org/10.1002/elsc.201300153.

4. Ruiz, J.; Olivieri, G.; de Vree, ].; Bosma, R.; Willems, P.; Reith, ]. H.; Eppink, M.H.M.; Kleinegris, D.M.M.; Wijffels, R.H.; Barbosa,
M.]. Towards industrial products from microalgae. Energy Environ. Sci. 2016, 9, 3036-3043. https://doi.org/10.1039/c6ee01493c.

5. Kholssi, R.; Ramos, P.V.; Marks, E.A.; Montero, O.; Rad, C. 2Biotechnological uses of microalgae: A review on the state of the
art and challenges for the circular economy.  Biocatal. = Agric.  Biotechnol. 2021, 36, 102114.
https://doi.org/10.1016/j.bcab.2021.102114.

6. Morais, W.G,, Jr.; Gorgich, M.; Corréa, P.S.; Martins, A.A.; Mata, T.M.; Caetano, N.S. Microalgae for biotechnological applica-
tions: Cultivation, harvesting and biomass processing. Aquaculture 2020, 528, 735562. https://doi.org/10.1016/j.aquacul-
ture.2020.735562.

7. Ananthi, V,; Raja, R.; Carvalho, 1.S,; Brindhadevi, K.; Pugazhendhi, A.; Arun, A. A realistic scenario on microalgae based bio-
diesel production: Third generation biofuel. Fuel 2021, 284, 118965. https://doi.org/10.1016/j.fuel.2020.118965.

8. Fabris, M.; Abbriano, R.; Pernice, M.; Sutherland, D.L.; Commault, A.S.; Hall, C.C.; Labeeuw, L.; McCauley, J.I.; Kuzhiumpa-
rambil, U.; Ray, P.; et al. Emerging Technologies in Algal Biotechnology: Toward the Establishment of a Sustainable, Algae-
Based Bioeconomy. Front. Plant Sci. 2020, 11, 279. https://doi.org/10.3389/fpls.2020.00279.

9. Harder, R; Von Witsch, H. Uber Massenkultur von Diatomeen. Ber. Dtsch. Bot. Gesellschaft. 1942, 60, 146-152.
https://doi.org/10.1111/.1438-8677.1942.tb03902.x.

10. Tamiya, H. Mass Culture of Algae. Annu. Rev. Plant Physiol. 1957, 8, 309-334. http://doi.org/10.1146/an-
nurev.pp.08.060157.001521.

11. Vanthoor-Koopmans, M.; Wijffels, R.H.; Barbosa, M.].; Eppink, M.H. Biorefinery of microalgae for food and fuel. Bioresour.
Technol. 2013, 135, 142-149. https://doi.org/10.1016/j.biortech.2012.10.135.

12. Moreno-Garrido, I. Microalgal Immobilization Methods. In Immobilization of Enzymes and Cells. Methods in Molecular Biology
(Methods and Protocols); Guisan, J.,, Ed., Humana Press: Totowa, NJ, USA, 2013; Volume 1051, pp. 327-347.
https://doi.org/10.1007/978-1-62703-550-7_22.

13. Polakovic, M.; Svitel, J.; Bucko, M,; Filip, J.; Nedela, V.; Ansorge-Schumacher, M.B.; Gemeiner, P. Progress in biocatalysis with
immobilized viable whole cells: Systems development, reaction engineering and applications. Biotechnol. Lett. 2017, 39, 667—683.
https://doi.org/10.1007/s10529-017-2300-y.

14. Mallick, N. Immobilization of Microalgae. In Immobilization of Enzymes and Cells: Methods and Protocols; Guisan, ].M., Ed.;
Springer: New York, NY, USA, 2020; pp. 453—471.

15. Caldwell, G.S.; In-Na, P.; Hart, R.; Sharp, E.; Stefanova, A.; Pickersgill, M.; Walker, M.; Unthank, M.; Perry, J.; Lee, ]. Immobi-
lising Microalgae and Cyanobacteria as Biocomposites: New Opportunities to Intensify Algae Biotechnology and Bioprocessing.
Energies 2021, 14, 2566. https://doi.org/10.3390/en14092566.

16. Vasilieva, S.; Lobakova, E.; Solovchenko, A. Biotechnological Applications of Immobilized Microalgae. In Environmental Bio-
technology; Gothandam, K.M., Ranjan, S., Dasgupta, N., Lichtfouse, E., Eds.; Springer International Publishing: Cham, Switzer-
land, 2021; Volume 3, pp. 193—-220. https://doi.org/10.1007/978-3-030-48973-1_7.

17. Rosch, C.; Posten, C. Challenges and Perspectives of Microalgae Production. TATuP —Z. Fiir Tech. Theor. Und Prax. 2012, 21, 5~
16. http://dx.doi.org/10.14512/tatup.21.1.5.

18. Lauersen, K.J.; Vanderveer, T.L.; Berger, H.; Kaluza, I.; Mussgnug, ].H.; Walker, V.K; Kruse, O. Ice recrystallization inhibition
mediated by a nuclear-expressed and -secreted recombinant ice-binding protein in the microalga Chlamydomonas reinhardtii.
Appl. Microbiol. Biotechnol. 2013, 97, 9763-9772. https://doi.org/10.1007/s00253-013-5226-x.

19. Lauersen, K.J.; Berger, H.; Mussgnug, ].H.; Kruse, O. Efficient recombinant protein production and secretion from nuclear
transgenes in Chlamydomonas reinhardtii. J. Biotechnol. 2013, 167, 101-110. https://doi.org/10.1016/j.jbiotec.2012.10.010.

20. Gerbsch, N.; Buchholz, R. New processes and actual trends in biotechnology. FEMS Microbiol. Rev. 1995, 16, 259-269.

21. Park, R.B.; Kelly, J.; Drury, S.; Sauer, K. The Hill reaction of chloroplasts isolated from glutaraldehyde-fixed spinach leaves.
Proc. Natl. Acad. Sci. USA 1966, 55, 1056-1062. https://doi.org/10.1073/pnas.55.5.1056.

22. Lebeau, T.; Robert, J.-M. Biotechnology of immobilized microalgae: A culture technique for the future. In Algal Cultures, Ana-
logues of Blooms and Applications; Science Publishers: Enfield, NH, USA, 2006; pp. 801-837.

23. Gotovtsev, P.M.; Yuzbasheva, E.Y.; Gorin, K.V.; Butylin, V.V.; Badranova, G.U.; Perkovskaya, N.I.; Mostova, E.B.; Namsaraev,
Z.B.; Rudneva, N.I; Komova, A.V; et al. Immobilization of microbial cells for biotechnological production: Modern solutions
and promising technologies. Appl. Biochem. Microbiol. 2015, 51, 792-803. https://doi.org/10.1134/s0003683815080025.

24. Yang, X.-Y,; Tian, G.; Jiang, N.; Su, B.-L. Immobilization technology: A sustainable solution for biofuel cell design. Energy Envi-
ron. Sci. 2012, 5, 5540-5563. https://doi.org/10.1039/c1lee02391h.

25. Gallo, M.; Speranza, B.; Corbo, M.R.; Sinigaglia, M.; Bevilacqua, A. Novel Microbial Immobilization Techniques. In Novel Food
Fermentation Technologies; Ojha, K.S., Tiwari, B.K., Eds.; Springer International Publishing: Cham, Switzerland, 2016; pp. 35-55.

26. Vemmer, M.; Patel, A. Review of encapsulation methods suitable for microbial biological control agents. Biol. Control 2013, 67,

380-389. https://doi.org/10.1016/j.biocontrol.2013.09.003.



Polymers 2022, 14, 1391 20 of 25

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Willaert, R. Cell Immobilization and Its Applications in Biotechnology: Current Trends and Future Prospects. In Fermentation
Microbiology and Biotechnology, 4th ed.; CRC Press: Boca Raton, FL, USA, 2019; pp. 315-390. https://doi.org/10.1201/b13602-15.
Leong, J.-Y.; Lam, W.-H.; Ho, K.-W.; Voo, W.-P.; Lee, M.F.-X_; Lim, H.P.; Lim, S.-L.; Tey, B.T.; Poncelet, D.; Chan, E.-S. Advances
in fabricating spherical alginate hydrogels with controlled particle designs by ionotropic gelation as encapsulation systems.
Particuology 2016, 24, 44-60. https://doi.org/10.1016/j.partic.2015.09.004.

Borin, G.P.; de Melo, R.R.; Crespim, E.; Sato, H.H.; Contesini, F.]. An Overview on Polymer Gels Applied to Enzyme and Cell
Immobilization. In Polymer Gels: Science and Fundamentals; Thakur, V.K,, Thakur, M.K,, Eds.; 2018, Springer Singapore: Singa-
pore, 2018; pp. 63-86.

Zajkoska, P.; Rebros, M.; Rosenberg, M. Biocatalysis with immobilized Escherichia coli. Appl. Microbiol. Biotechnol. 2013, 97, 1441-
1455. https://doi.org/10.1007/s00253-012-4651-6.

Es, I; Vieira, ].D.G.; Amaral, A.C. Principles, techniques, and applications of biocatalyst immobilization for industrial applica-
tion. Appl. Microbiol. Biotechnol. 2015, 99, 2065-2082. https://doi.org/10.1007/s00253-015-6390-y.

Ching, S.H.; Bansal, N.; Bhandari, B. Alginate gel particles-A review of production techniques and physical properties. Crit.
Rev. Food Sci. Nutr. 2017, 57, 1133-1152. https://doi.org/10.1080/10408398.2014.965773.

Simd, G.; Fernandez-Fernandez, E.; Vila-Crespo, J.; Ruipérez, V.; Rodriguez-Nogales, ].M. Research progress in coating tech-
niques of alginate gel polymer for cell encapsulation. Carbohydr. Polym. 2017, 170, 1-14. https://doi.org/10.1016/j.car-
bpol.2017.04.013.

Timilsena, Y.P.; Akanbi, T.O.; Khalid, N.; Adhikari, B.; Barrow, C.J. Complex coacervation: Principles, mechanisms and appli-
cations in microencapsulation. Int. J. Biol. Macromol. 2019, 121, 1276-1286. https://doi.org/10.1016/j.ijpiomac.2018.10.144.
Eghbal, N.; Choudhary, R. Complex coacervation: Encapsulation and controlled release of active agents in food systems. LWT
2018, 90, 254-264. https://doi.org/10.1016/j.1wt.2017.12.036.

Livage, J.; Coradin, T.; Roux, C. Encapsulation of biomolecules in silica gels. J. Phys. Condens. Matter 2001, 13, R673-R691.
https://doi.org/10.1088/0953-8984/13/33/202.

Holzmeister, I.; Schamel, M.; Groll, J.; Gbureck, U.; Vorndran, E. Artificial inorganic biohybrids: The functional combination of
microorganisms and cells with inorganic materials. Acta Biomater. 2018, 74, 17-35. https://doi.org/10.1016/j.actbio.2018.04.042.
Carturan, G.; Campostrini, R.; Diré, S.; Scardi, V.; De Alteriis, E. Inorganic gels for immobilization of biocatalysts: Inclusion of
invertase-active whole cells of yeast (saccharomyces cerevisiae) into thin layers of SiOz gel deposited on glass sheets. . Mol.
Catal. 1989, 57, L13-L16. https://doi.org/10.1016/0304-5102(89)80121-x.

Coradin, T.; Livage, ]. Aqueous Silicates in Biological Sol-Gel Applications: New Perspectives for Old Precursors. Acc. Chem.
Res. 2007, 40, 819-826. https://doi.org/10.1021/ar068129m.

Nassif, N.; Bouvet, O.; Rager, M.N.; Roux, C.; Coradin, T.; Livage, J. Living bacteria in silica gels. Nat. Mater. 2002, 1, 42-44.
https://doi.org/10.1038/nmat709.

Rooke, J.C.; Léonard, A.; Su, B.-L. Targeting photobioreactors: Immobilisation of cyanobacteria within porous silica gel using
biocompatible methods. . Mater. Chem. 2008, 18, 1333-1341. https://doi.org/10.1039/b717990a.

Rooke, J.C.; Léonard, A.; Meunier, C.F.; Sarmento, H.; Descy, ].-P.; Su, B.-L. Hybrid photosynthetic materials derived from
microalgae Cyanidium caldarium encapsulated within silica gel. J. Colloid Interface Sci. 2010, 344, 348-352.
https://doi.org/10.1016/j.jcis.2009.12.053.

Rooke, J.C; Léonard, A.; Sarmento, H.; Meunier, C.F.; Descy, J.-P.; Su, B.-L. Novel photosynthetic CO2 bioconvertor based on
green algae entrapped in low-sodium silica gels. ]. Mater. Chem. 2011, 21, 951-959. https://doi.org/10.1039/c0jm02712j.

Rooke, J.C.; Vandoorne, B.; Léonard, A.; Meunier, C.F.; Cambier, P.; Sarmento, H.; Descy, J.-P.; Su, B.-L. Prolonging the lifetime
and activity of silica immobilised Cyanidium caldarium. ].  Colloid Interface Sci. 2011, 356, 159-164.
https://doi.org/10.1016/j.jcis.2011.01.020.

Branyik, T.; Kuncova, G.; Paca, J.; Demnerova, K. Encapsulation of Microbial Cells into Silica Gel. J. Sol-Gel Sci. Technol. 1998,
13, 283-287. https://doi.org/10.1023/a:1008655623452.

Dickson, D.; Page, C.; Ely, R. Photobiological hydrogen production from Synechocystis sp. PCC 6803 encapsulated in silica sol—-
gel. Int. |. Hydrog. Energy 2009, 34, 204-215. https://doi.org/10.1016/j.ijhydene.2008.10.021.

Premkumar, J.R.; Sagi, E.; Rozen, R.; Belkin, S.; Modestov, A.D.; Lev, O. Fluorescent Bacteria Encapsulated in Sol-Gel Derived
Silicate Films. Chem. Mater. 2002, 14, 2676-2686. https://doi.org/10.1021/cm020020v.

Premkumar, J.R.; Rosen, R.; Belkin, S.; Lev, O. Sol-gel luminescence biosensors: Encapsulation of recombinant E. coli reporters
in thick silicate films. Anal. Chim. Acta 2002, 462, 11-23. https://doi.org/10.1016/S0003-2670(02)00301-X.

Livage, J; Coradin, T. Living cells in oxide glasses. Rev. Mineral. Geochem. 2006, 64, 315-332.
http://dx.doi.org/10.2138/rmg.2006.64.10.

Nassif, N.; Livage, J. From diatoms to silica-based biohybrids. Chem. Soc. Rev. 2011, 40, 849-859.
https://doi.org/10.1039/c0cs00122h.

Nassif, N.; Coradin, T.; Bouvet, O.M.M.; Livage, J. Bacteria quorum sensing in silica matrices. |. Mater. Chem. 2004, 14, 2264—
2268. https://doi.org/10.1039/b403958k.

Homburg, S.V.; Kruse, O.; Patel, A.V. Growth and photosynthetic activity of Chlamydomonas reinhardtii entrapped in lens-shaped
silica hydrogels. J. Biotechnol. 2019, 302, 58-66. https://doi.org/10.1016/j.jbiotec.2019.06.009.



Polymers 2022, 14, 1391 21 of 25

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

Homburg, S.V.; Venkanna, D.; Kraushaar, K.; Kruse, O.; Kroke, E.; Patel, A.V. Entrapment and growth of Chlamydomonas rein-
hardtii ~ in  biocompatible  silica = hydrogels.  Colloids  Surf. B Biointerfaces ~ 2018, 173,  233-241.
https://doi.org/10.1016/j.colsurfb.2018.09.075.

Carturan, G.; Toso, R.D.; Boninsegna, S.; Monte, R.D. Encapsulation of functional cells by sol-gel silica: Actual progress and
perspectives for cell therapy. J. Mater. Chem. 2004, 14, 2087-2098. https://doi.org/10.1039/b401450b.

Avnir, D.; Coradin, T.; Lev, O.; Livage, ]. Recent bio-applications of sol-gel materials. J. Mater. Chem. 2006, 16, 1013-1030.
https://doi.org/10.1039/b512706h.

Coradin, T.; Allouche, J.; Boissiere, M.; Livage, J. Sol-Gel Biopolymer/Silica Nanocomposites in Biotechnology. Curr. Nanosci.
2006, 2, 219-230. https://doi.org/10.2174/1573413710602030219.

De-Bashan, L.E.; Bashan, Y. Immobilized microalgae for removing pollutants: Review of practical aspects. Bioresour. Technol.
2010, 101, 1611-1627. https://doi.org/10.1016/j.biortech.2009.09.043.

Brinker, C.J.; Scherer, G.W. Sol-Gel Science: The Physics and Chemistry of Sol-Gel Processing; Academic Press: Cambridge, MA,
USA ; Elsevier: Amsterdam, The Netherlands, 2013. https://doi.org/10.1016/C2009-0-22386-5.

Schaefer, D.W.; Keefer, K.D. Fractal Geometry of Silica Condensation Polymers. Phys. Rev. Lett. 1984, 53, 1383.
https://doi.org/10.1103/PhysRevLett.53.1383.

Schaefer, D.W. Fractal Models and the Structure of Materials. MRS Bull. 1988, 13, 22-27.
https://doi.org/10.1557/s088376940006632x.

Brinker, C.J.; Scherer, G.W. Sol-gel glass: 1. Gelation and gel structure. ]. Non-Cryst. Solids 1985, 70, 301-322.
https://doi.org/10.1016/0022-3093(85)90103-6.

Stober, W.; Fink, A.; Bohn, E. Controlled growth of monodisperse silica spheres in the micron size range. ]. Colloid Interface Sci.
1968, 26, 62—69. https://doi.org/10.1016/0021-9797(68)90272-5.

Schaefer, D.W. Polymers, fractals, and ceramic materials. Science 1989, 243, 1023-1027.
https://doi.org/10.1126/science.243.4894.1023.

Iler, K.R. The Chemistry of Silica. Solubility, Polymerization, Colloid and Surface Properties and Biochemistry of Silica; Wiley: Hoboken,
NJ, USA, 1979.

Iler, R.K. Isolation and characterization of particle nuclei during the polymerization of silicic acid to colloidal silica. J. Colloid
Interface Sci. 1980, 75, 138-148. https://doi.org/10.1016/0021-9797(80)90357-4.

Kraushaar, K.; Wiltzsch, C.; Wagler, J.; Bohme, U.; Schwarzer, A.; Roewer, G.; Kroke, E. From CO? to Polysiloxanes: Di(car-
bamoyloxy)silanes  Me2Si[(OCO)NRR']2 as  Precursors for PDMS. Organometallics 2012, 31, 4779-4785.
https://doi.org/10.1021/om300313f.

Wiltzsch, C.; Wagler, J.; Roewera, G.; Kroke, E. Sol-gel analogous aminolysis-ammonolysis of chlorosilanes to chlorine-free
Si/(C)/N-materials. Dalton Trans. 2009, 5474-5477. https://doi.org/10.1039/B823030G.

Miiller, C. Aminosilan-basierende Sol-Gel-Synthese zur Herstellung transparenter Hydro- und Xerogele zur
Einschlussimmobilisierung von Kobalt-Nanopartikeln und biologischem Material. In Fakultit fiir Chemie und Physik; Technische
Universitat Bergakademie Freiberg: Freiberg, Germany, 2014.

Haynes, W.M. CRC Handbook of Chemistry and Physics, 94th ed.; CRC Press: Boca Raton, FL, USA, 2016.

Miiller, C.; Kraushaar, K.; Doebbe, A.; Mussgnug, ].H.; Kruse, O.; Kroke, E.; Patel, A.V. Synthesis of transparent aminosilane-
derived silica based networks for entrapment of sensitive materials. Chem. Commun. 2013, 49, 10163-10165.
https://doi.org/10.1039/c3cc45023f.

Brinker, C.J. Sol —Gel Processing of Silica. In The Colloid Chemistry of Silica; American Chemical Society: Washington, DC, USA,
1994; pp. 361-401.

Pope, E.J.A.; Mackenzie, ].D. Sol-gel processing of silica. . Non-Cryst. Solids 1986, 87, 185-198. https://doi.org/10.1016/0022-
3093(86)90272-3.

Young, S.XK. Overview of Sol-Gel Science and Technology; Army Research Lab.: Adelphi, MD, USA, 2002.
https://doi.org/10.21236/ada398036.

Darder, M.; Aranda, P.; Burgos-Asperilla, L.; Llobera, A.; Cadarso, V.J.; Fernandez-Sanchez, C.; Ruiz-Hitzky, E. Algae-silica
systems as functional hybrid materials. J. Mater. Chem. 2010, 20, 9362-9369. https://doi.org/10.1039/b913269d.

Fiedler, D.; Hager, U.; Franke, H.; Soltmann, U.; Béttcher, H. Algae biocers: Astaxanthin formation in sol-gel immobilised living
microalgae. |. Mater. Chem. 2007, 17, 261-266. https://doi.org/10.1039/b613455f.

Dickson, D.J.; Ely, R.L. Evaluation of encapsulation stress and the effect of additives on viability and photosynthetic activity of
Synechocystis sp. PCC 6803 encapsulated in silica gel. Appl. Microbiol. Biotechnol. 2011, 91, 1633-1646.
https://doi.org/10.1007/s00253-011-3517-7.

Braun, S.; Rappoport, S.; Zusman, R.; Avnir, D.; Ottolenghi, M. Biochemically active sol-gel glasses: The trapping of enzymes.
Mater. Lett. 1990, 10, 1-5. https://doi.org/10.1016/0167-577x(90)90002-4.

Dave, B.C.; Dunn, B.; Valentine, ].S.; Zink, ].I. Sol-gel encapsulation methods for biosensors. Anal. Chem. 1994, 66, 1120A-1127A.
https://doi.org/10.1021/ac00094a001.

Conroy, J.F.; Power, M.E.; Martin, J.; Earp, B.; Hosticka, B.; Daitch, C.E.; Norris, P.M. Cells in Sol-Gels I: A Cytocompatible Route
for the Production of Macroporous Silica Gels. ]. Sol-Gel Sci. Technol. 2000, 18, 269-283. https://doi.org/10.1023/a:1008704208324.
Gill, I; Ballesteros, A. Encapsulation of biologicals within silicate, siloxane, and hybrid sol-gel polymers: An efficient and ge-
neric approach. J. Am. Chem. Soc. 1998, 120, 8587-8598. https://doi.org/10.1021/ja9814568.



Polymers 2022, 14, 1391 22 of 25

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Carturan, G.; Monte, R.D.; Pressi, G.; Secondin, S.; Verza, P. Production of Valuable Drugs from Plant Cells Immobilized by
Hybrid Sol-Gel SiOx. |. Sol-Gel Sci. Technol. 1998, 13, 273-276. https://doi.org/10.1023/a:1008676904085.

Pressi, G.; Toso, R.D.; Monte, R.D.; Carturan, G. Production of Enzymes by Plant Cells Immobilized by Sol-Gel Silica. J. Sol-Gel
Sci. Technol. 2003, 26, 1189-1193. https://doi.org/10.1023/a:1020704118146.

Muraca, M.; Vilei, M.T.; Zanusso, G.E.; Ferraresso, C.; Boninsegna, S.; Monte, R.D.; Carraro, P.; Carturan, G. SiO2 Entrapment
of Animal Cells: Liver-Specific Metabolic Activities in Silica-Overlaid Hepatocytes. Artif. Organs 2002, 26, 664—669.
https://doi.org/10.1046/j.1525-1594.2002.06924 x.

Carturan, G.; Muraca, M.; Dal Monte, R. Encapsulation of Supported Animal Cells Using Gas-Phase Inorganic Alkoxides. U.S.
Patent No. 6,214,593, 10 April 2001.

Matys, S.; Raff, J.; Soltmann, U.; Selenska-Pobell, S.; Béttcher, H.; Pompe, W. Calcium Dipicolinate Induced Germination of
Bacillus Spores Embedded in Thin Silica Layers: Novel Perspectives for the Usage of Biocers. Chem. Mater. 2004, 16, 5549-5551.
https://doi.org/10.1021/cm040191v.

Inama, L.; Diré, S.; Carturan, G.; Cavazza, A. Entrapment of viable microorganisms by SiO2 sol-gel layers on glass surfaces:
Trapping, catalytic performance and immobilization durability of Saccharomyces cerevisiae. ]. Biotechnol. 1993, 30, 197-210.
https://doi.org/10.1016/0168-1656(93)90113-2.

Ferrer, M.L.; del Monte, F.; Levy, D. A Novel and Simple Alcohol-Free Sol-Gel Route for Encapsulation of Labile Proteins. Chem.
Mater. 2002, 14, 3619-3621. https://doi.org/10.1021/cm025562r.

Ferrer, M.L; Yuste, L.; Rojo, F.; del Monte, F. Biocompatible Sol-Gel Route for Encapsulation of Living Bacteria in Organically
Modified Silica Matrixes. Chem. Mater. 2003, 15, 3614-3618. https://doi.org/10.1021/cm034372t.

Coradin, T.; Livage, J. Synthesis and Characterization of Alginate/Silica Biocomposites. J. Sol-Gel Sci. Technol. 2003, 26, 1165—
1168. https://doi.org/10.1023/a:1020787514512.

Cruz-Aguado, J.A.; Chen, Y.; Zhang, Z.; Elowe, N.H.; Brook, M.A.; Brennan, ].D. Ultrasensitive ATP Detection Using Firefly
Luciferase Entrapped in Sugar-Modified Sol-Gel-Derived Silica. ]. Am. Chem. Soc. 2004, 126, 6878-6879.
https://doi.org/10.1021/ja0490424.

Brasack, I; Bottcher, H.; Hempel, U. Biocompatibility of Modified Silica-Protein Composite Layers. . Sol-Gel Sci. Technol. 2000,
19, 479-482. https://doi.org/10.1023/a:1008763900729.

Bhatia, R.B.; Brinker, C.J.; Gupta, A.K.; Singh, A.K. Aqueous Sol-Gel Process for Protein Encapsulation. Chem. Mater. 2000, 12,
2434-2441. https://doi.org/10.1021/cm000260f.

Yu, D.; Volponi, J.; Chhabra, S.; Brinker, C.J.; Mulchandani, A.; Singh, A.K. Aqueous sol-gel encapsulation of genetically engi-
neered Moraxella spp. cells for the detection of organophosphates. Biosens. Bioelectron. 2005, 20, 1433-1437.
https://doi.org/10.1016/j.bios.2004.04.022.

Léonard, A.; Rooke, J.C.; Meunier, C.F.; Sarmento, H.; Descy, ]J.-P.; Su, B.-L. Cyanobacteria immobilised in porous silica gels:
Exploring biocompatible synthesis routes for the development of photobioreactors. Energy Environ. Sci. 2010, 3, 370-377.
https://doi.org/10.1039/b923859;.

Coradin, T.; Nassif, N.; Livage, J. Silica—alginate composites for microencapsulation. Appl. Microbiol. Biotechnol. 2003, 61, 429—
434. https://doi.org/10.1007/s00253-003-1308-5.

Desmet, J.; Meunier, C.F.; Danloy, E.P.; Duprez, M.-E.; Hantson, A.-L.; Thomas, D.; Cambier, P.; Rooke, J.C.; Su, B.-L. Green and
sustainable production of high value compounds via a microalgae encapsulation technology that relies on CO: as a principle
reactant. . Mater. Chem. A 2014, 2, 20560-20569. https://doi.org/10.1039/c4ta0465%.

Rooke, J.C.; Léonard, A.; Sarmento, H.; Descy, J.-P.; Su, B.-L. Photosynthesis within porous silica gel: Viability and activity of
encapsulated cyanobacteria. ]. Mater. Chem. 2008, 18, 2833-2841. https://doi.org/10.1039/b802705f.

Nguyen-Ngoc, H.; Tran-Minh, C. Sol-gel process for vegetal cell encapsulation. Mater. Sci. Eng. C 2007, 27, 607-611.
https://doi.org/10.1016/j.msec.2006.04.010.

Coiffier, A.; Coradin, T.; Roux, C.; Bouvet, O.M.M,; Livage, ]. Sol-gel encapsulation of bacteria: A comparison between alkoxide
and aqueous routes. |. Mater. Chem. 2001, 11, 2039-2044. https://doi.org/10.1039/b1013080.

Nassif, N.; Coiffier, A.; Coradin, T.; Roux, C.; Livage, J.; Bouvet, O. Viability of Bacteria in Hybrid Aqueous Silica Gels. |. Sol-
Gel Sci. Technol. 2003, 26, 1141-1144. https://doi.org/10.1023/a:1020727311786.

Nassif, N.; Roux, C.; Coradin, T.; Rager, M.-N.; Bouvet, O.M.M.; Livage, J. A sol-gel matrix to preserve the viability of encap-
sulated bacteria. J. Mater. Chem. 2003, 13, 203-208. https://doi.org/10.1039/b210167;.

Pope, E.J.A. Gel encapsulated microorganisms: Saccharomyces cerevisiae —Silica gel biocomposites. J. Sol-Gel Sci. Technol. 1995,
4, 225-229. https://doi.org/10.1007/bf00488377.

Finnie, K.S.; Bartlett, ].R.; Woolfrey, J.L. Encapsulation of sulfate-reducing bacteria in a silica host. |. Mater. Chem. 2000, 10, 1099-
1101. https://doi.org/10.1039/a909350h.

Chen, J.; Xu, Y.; Xin, J.; Li, S.; Xia, C.; Cui, J. Efficient immobilization of whole cells of Methylomonas sp. strain GY]3 by sol-gel
entrapment. J. Mol. Catal. B: Enzym. 2004, 30, 167-172. https://doi.org/10.1016/j.molcatb.2004.05.005.

Brennan, J.D.; Benjamin, D.; DiBattista, E.; Gulcev, M.D. Using Sugar and Amino Acid Additives to Stabilize Enzymes within
Sol-Gel Derived Silica. Chem. Mater. 2003, 15, 737-745. https://doi.org/10.1021/cm020768d.

Liu, D.-M.; Chen, I.-W. Encapsulation of protein molecules in transparent porous silica matrices via an aqueous colloidal sol-
gel process. Acta Mater. 1999, 47, 4535-4544. https://doi.org/10.1016/s1359-6454(99)00335-3.



Polymers 2022, 14, 1391 23 of 25

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

DeSimone, M.F.; De Marzi, M.C.; Copello, G.J.; Fernandez, M.M.; Malchiodi, E.L.; Diaz, L.E. Efficient preservation in a silicon
oxide matrix of Escherichia coli, producer of recombinant proteins. Appl. Microbiol. Biotechnol. 2005, 68, 747-752.
https://doi.org/10.1007/s00253-005-1912-7.

Chernev, G.; Samuneva, B.; Djambaski, P.; Kabaivanova, L.; Emanuilova, E.; Salvado, LM.M.; Fernandes, M.H.; Wu, A. Synthe-
sis and structure of new biomaterials containing silica and chitosan. Phys. Chem. Glasses-Eur. ]. Glass Sci. Technol. Part B 2008, 49,
11-14.

Uo, M,; Yamashita, K.; Suzuki, M.; Tamiya, E.; Karube, I.; Makishima, A. Immobilization of Yeast Cells in Porous Silica Carrier
with Sol-Gel Process. |. Ceram. Soc. Jpn. 1992, 100, 426—429. https://doi.org/10.2109/jcersj.100.426.

Bressler, E.; Pines, O.; Goldberg, I.; Braun, S. Conversion of Fumaric Acid to L-Malic by Sol-Gel Immobilized Saccharomyces
cerevisiae in a Supported Liquid Membrane Bioreactor. Biotechnol. Prog. 2002, 18, 445-450. https://doi.org/10.1021/bp010139t.
Perullini, M.; Jobbagy, M.; Moretti, M.B.; Garcia, S.C.; Bilmes, S.A. Optimizing Silica Encapsulation of Living Cells: In Situ
Evaluation of Cellular Stress. Chem. Mater. 2008, 20, 3015-3021. https://doi.org/10.1021/cm703075b.

Rietti-Shati, M.; Ronen, D.; Mandelbaum, R.T. Atrazine degradation by Pseudomonas strain ADP entrapped in sol-gel glass. J.
Sol-Gel Sci. Technol. 1996, 7, 77-79. https://doi.org/10.1007/bf00401886.

Fennouh, S.; Guyon, S.; Jourdat, C.; Livage, J.; Roux, C. Encapsulation of bacteria in silica gels. Comptes Rendus L’académie Sci.
—Ser. IIC—Chem. 1999, 2, 625-630. https://doi.org/10.1016/51387-1609(00)88575-8.

Fennouh, S.; Guyon, S.; Livage, J.; Roux, C. Sol-Gel Entrapment of Escherichia coli. ]. Sol-Gel Sci. Technol. 2000, 19, 647-649.
https://doi.org/10.1023/A:1008733916175.

Premkumar, J.R.; Lev, O.; Rosen, R.; Belkin, S. Encapsulation of Luminous Recombinant E. coli in Sol-Gel Silicate Films. Adv.
Mater. 2001, 13, 1773-1775. https://doi.org/10.1002/1521-4095(200112)13:23<1773::aid-adma1773>3.3.co;2-q.

Taylor, A.P.; Finnie, K.S.; Bartlett, ].R.; Holden, P.J. Encapsulation of Viable Aerobic Microorganisms in Silica Gels. J. Sol-Gel Sci.
Technol. 2004, 32, 223-228. https://doi.org/10.1007/s10971-004-5792-6.

Perullini, M.; Amoura, M.; Jobbagy, M.; Roux, C.; Livage, J.; Coradin, T.; Bilmes, S.A. Improving bacteria viability in metal oxide
hosts via an alginate-based hybrid approach. ]. Mater. Chem. 2011, 21, 8026-8031. https://doi.org/10.1039/c1jm10684h.

Perullini, M.; Amoura, M.; Roux, C.; Coradin, T.; Livage, J.; Japas, M.L.; Jobbagy, M.; Bilmes, S.A. Improving silica matrices for
encapsulation of Escherichia coli using osmoprotectors. J. Mater. Chem. 2011, 21, 4546—4552. https://doi.org/10.1039/COJM03948A.
Perullini, M.; Jobbagy, M.; Soler-Illia, G.J.A.A.; Bilmes, S.A. Cell Growth at Cavities Created Inside Silica Monoliths Synthesized
by Sol-Gel. Chem. Mater. 2005, 17, 3806-3808. https://doi.org/10.1021/cm050863x.

Ferrer, M.L.; Garcia-Carvajal, Z.Y; Yuste, L.; Rojo, F.; del Monte, F. Bacteria Viability in Sol-Gel Materials Revisited: Cryo-SEM
as a Suitable Tool to Study the Structural Integrity of Encapsulated Bacteria. Chem. Mater. 2006, 18, 1458-1463.
https://doi.org/10.1021/cm0522275.

Baca, HK.; Ashley, C,; Carnes, E.; Lopez, D.; Flemming, J.; Dunphy, D.; Singh, S.; Chen, Z.; Liu, N.; Fan, H.; et al. Cell-Directed
Assembly of Lipid-Silica Nanostructures Providing Extended Cell Viability. Science 2006, 313, 337-341.
https://doi.org/10.1126/science.1126590.

Baca, HK.; Carnes, E.; Singh, S.; Ashley, C.; Lopez, D.; Brinker, C.J. Cell-Directed Assembly of Bio/Nano Interfaces—A New
Scheme for Cell Immobilization. Acc. Chem. Res. 2007, 40, 836-845. https://doi.org/10.1021/ar600027u.

Zhao, Z.; Xie, X.; Wang, Z.; Tao, Y.; Niu, X.; Huang, X.; Liu, L.; Li, Z. Immobilization of Lactobacillus rhamnosus in mesoporous
silica-based material: An efficiency continuous cell-recycle fermentation system for lactic acid production. J. Biosci. Bioeng. 2016,
121, 645-651. https://doi.org/10.1016/j.jbiosc.2015.11.010.

Nguyen-Ngoc, H.; Tran-Minh, C. Fluorescent biosensor using whole cells in an inorganic translucent matrix. Anal. Chim. Acta
2007, 583, 161-165. https://doi.org/10.1016/j.aca.2006.10.005.

Ferro, Y.; Perullini, M.; Jobbagy, M.; Bilmes, S.A.; Durrieu, C. Development of a Biosensor for Environmental Monitoring Based
on Microalgae Immobilized in Silica Hydrogels. Sensors 2012, 12, 16879-16891. https://doi.org/10.3390/s121216879.

Sicard, C.; Perullini, M.; Spedalieri, C.; Coradin, T.; Brayner, R.; Livage, J.; Jobbagy, M.; Bilmes, S.A. CeOz Nanoparticles for the
Protection of Photosynthetic Organisms Immobilized in Silica Gels. Chem. Mater. 2011, 23, 1374-1378.
https://doi.org/10.1021/cm103253w.

Perullini, M.; Ferro, Y.; Durrieu, C.; Jobbagy, M.; Bilmes, S.A. Sol-gel silica platforms for microalgae-based optical biosensors.
J. Biotechnol. 2014, 179, 65-70. https://doi.org/10.1016/j.jbiotec.2014.02.007.

Durrieu, C.; Ferro, Y.; Perullini, M.; Gosset, A.; Jobbagy, M.; Bilmes, S.A. Feasibility of using a translucid inorganic hydrogel to
build a biosensor using immobilized algal cells. Environ. Sci. Pollut. Res. 2016, 23, 9-13. https://doi.org/10.1007/s11356-015-5023-
4.

Pena-Vazquez, E.; Maneiro, E.; Pérez-Conde, C.; Moreno-Bondi, M.C.; Costas, E. Microalgae fiber optic biosensors for herbicide
monitoring using sol-gel technology. Biosens. Bioelectron. 2009, 24, 3538-3543. https://doi.org/10.1016/j.bios.2009.05.013.
Ahmed, N.B.; Ronsin, O.; Mouton, L.; Sicard, C.; Yéprémian, C.; Baumberger, T.; Brayner, R.; Coradin, T. The physics and
chemistry of silica-in-silicates nanocomposite hydrogels and their phycocompatibility. J. Mater. Chem. B 2017, 5, 2931-2940.
https://doi.org/10.1039/C7TB00341B.

Pannier, A.; Soltmann, U.; Soltmann, B.; Altenburger, R.; Schmitt-Jansen, M. Alginate/silica hybrid materials for immobilization
of green microalgae Chlorella vulgaris for cell-based sensor arrays. J. Mater. Chem. B 2014, 2, 7896-7909.
https://doi.org/10.1039/c4tb00944d.



Polymers 2022, 14, 1391 24 of 25

132. Desmet, J.; Meunier, C.; Danloy, E.; Duprez, M.-E.; Lox, F.; Thomas, D.; Hantson, A.-L.; Crine, M.; Toye, D.; Rooke, J.; et al.
Highly efficient, long life, reusable and robust photosynthetic hybrid core-shell beads for the sustainable production of high
value compounds. J. Colloid Interface Sci. 2015, 448, 79-87. https://doi.org/10.1016/j.jcis.2015.01.091.

133. Zhang, B.-B.; Wang, L.; Charles, V.; Rooke, J.C.; Su, B.-L. Robust and Biocompatible Hybrid Matrix with Controllable Permea-
bility for Microalgae Encapsulation. ACS Appl. Mater. Interfaces 2016, 8, 8939-8946. https://doi.org/10.1021/acsami.6b00191.

134. Gill, I; Ballesteros, A.O. Bioencapsulation within synthetic polymers (Part 1): Sol-gel encapsulated biologicals. Trends Biotechnol.
2000, 18, 282-296. https://doi.org/10.1016/s0167-7799(00)01457-8.

135.Gill, I. Bio-doped nanocomposite polymers: sol-gel bioencapsulates. Chem. Mater. 2001, 13, 3404-3421.
https://doi.org/10.1021/cm0102483.

136. Trujillo, S.; Pérez-Roman, E.; Kyritsis, A.; Ribelles, J.L.G.; Pandis, C. Organic-inorganic bonding in chitosan-silica hybrid net-
works: Physical properties. J. Polym. Sci. Part B Polym. Phys. 2015, 53, 1391-1400. https://doi.org/10.1002/polb.23774.

137. Cho; G.; Moon, I.-S; Lee, ].-S. Preparation and characterization of a-amylase immobilized inorganic/organic hybrid membrane
using chitosan as a dispersant in the sol-gel process. Chem. Lett. 1997, 26, 577-578. https://doi.org/10.1246/CL.1997.577.

138. Miao, Y.; Tan, S. Amperometric hydrogen peroxide biosensor with silica sol-gel/chitosan film as immobilization matrix. Anal.
Chim. Acta 2001, 437, 87-93. https://doi.org/10.1016/s0003-2670(01)00986-2.

139. Perullini, M.; Rivero, M.M.; Jobbagy, M.; Mentaberry, A.; Bilmes, S.A. Plant cell proliferation inside an inorganic host. J. Biotech-
nol. 2007, 127, 542-548. https://doi.org/10.1016/j.jbiotec.2006.07.024.

140. Coradin, T.; Bah, S.; Livage, J. Gelatine/silicate interactions: From nanoparticles to composite gels. Colloids Surf. B Biointerfaces
2004, 35, 53-58. https://doi.org/10.1016/j.colsurfb.2004.02.008.

141. Watzke, H.J.; Dieschbourg, C. Novel silica-biopolymer nanocomposites: The silica sol-gel process in biopolymer organogels.
Adv. Colloid Interface Sci. 1994, 50, 1-14. https://doi.org/10.1016/0001-8686(94)80021-9.

142. Kato, M.; Saruwatari, H.; Sakai-Kato, K.; Toyo’Oka, T. Silica sol-gel/organic hybrid material for protein encapsulated column
of capillary electrochromatography. J. Chromatogr. A 2004, 1044, 267-270. https://doi.org/10.1016/j.chroma.2004.04.056.

143. Shchipunov, Y.A.; Karpenko, T.Y.Y. Hybrid polysaccharide-silica nanocomposites prepared by the sol-gel technique. Langmuir
2004, 20, 3882-3887. http://doi.org/10.1021/1a0356912.

144. Heichal-Segal, O.; Rappoport, S.; Braun, S. Immobilization in Alginate-Silicate Sol-Gel Matrix Protects B-Glucosidase Against
Thermal and Chemical Denaturation. Bio/Technology 1995, 13, 798-800. https://doi.org/10.1038/nbt0895-798.

145. Fukushima, Y.; Okamura, K.; Imai, K.; Motai, H. A new immobilization technique of whole cells and enzymes with colloidal
silica and alginate. Biotechnol. Bioeng. 1988, 32, 584-594. https://doi.org/10.1002/bit.260320503.

146. Pedroni, V.; Schulz, P.C.; de Ferreira, M.E.G.; Morini, M.A. A chitosan-templated monolithic siliceous mesoporous-
macroporous material. Colloid Polym. Sci. 2000, 278, 964-971. https://doi.org/10.1007/s003960000348.

147. Park, S.-B.; You, J.-O.; Park, H.-Y.; Haam, S.J.; Kim, W.-S. A novel pH-sensitive membrane from chitosan—TEOS IPN; prepara-
tion and its drug permeation characteristics. Biomaterials 2001, 22, 323-330.

148. Suzuki, T.; Mizushima, Y. Characteristics of silica-chitosan complex membrane and their relationships to the characteristics of
growth and adhesiveness of L-929 cells cultured on the biomembrane. ]. Ferment. Bioeng. 1997, 84, 128-132.
https://doi.org/10.1016/s0922-338x(97)82541-x.

149. Ayers, M.R.; Hunt, A.]. Synthesis and properties of chitosan—silica hybrid aerogels. . Non-Cryst. Solids 2001, 285, 123-127.
https://doi.org/10.1016/s0022-3093(01)00442-2.

150. Hu, X,; Littrell, K.; Ji, S.; Pickles, D.; Risen, W. Characterization of silica—polymer aerogel composites by small-angle neutron
scattering and transmission electron microscopy. J. Non-Cryst. Solids 2001, 288, 184-190. https://doi.org/10.1016/s0022-
3093(01)00625-1.

151. Molvinger, K.; Quignard, F.; Brunel, D.; Boissiere, M.; Devoisselle, ].-M. Porous Chitosan-Silica Hybrid Microspheres as a Po-
tential Catalyst. Chem. Mater. 2004, 16, 3367-3372. https://doi.org/10.1021/cm0353299.

152. Rashidova, S.; Shakarova, D.; Ruzimuradov, O.; Satubaldieva, D.; Zalyalieva, S.; Shpigun, O.; Varlamov, V.; Kabulov, B. Bi-
onanocompositional chitosan-silica sorbent for liquid chromatography. J. Chromatogr. B 2004, 800, 49-53.
https://doi.org/10.1016/j.jchromb.2003.10.015.

153. Yang, Y.; Wang, ].W.; Tan, R. Immobilization of glucose oxidase on chitosan-SiO:z gel. Enzym. Microb. Technol. 2004, 34, 126-131.
https://doi.org/10.1016/j.enzmictec.2003.09.007.

154. Chen, X,; Jia, J.; Dong, S. Organically Modified Sol-Gel/Chitosan Composite Based Glucose Biosensor. Electroanalysis 2003, 15,
608-612. https://doi.org/10.1002/elan.200390076.

155. Airoldi, C.; Monteiro, O.A.C. Chitosan-organosilane hybrids —Syntheses, characterization, copper adsorption, and enzyme im-
mobilization. ]. Appl. Polym. Sci. 2000, 77, 797-804. https://doi.org/10.1002/(SICI)1097-4628(20000725)77:4%3C797::AID-
APP12%3E3.0.CO;2-Z.

156. Suzuki, T.; Mizushima, Y.; Umeda, T.; Ohashi, R. Further biocompatibility testing of silica-chitosan complex membrane in the
production of tissue plasminogen activator by epithelial and fibroblast cells. ]. Biosci. Bioeng. 1999, 88, 194-199.
https://doi.org/10.1016/s1389-1723(99)80201-1.

157. Budnyak, T.M.; Pylypchuk, I.V.; Tertykh, V.A.; Yanovska, E.S.; Kotodynska, D. Synthesis and adsorption properties of chitosan-
silica nanocomposite prepared by sol-gel method. Nanoscale Res. Lett. 2015, 10, 87. https://doi.org/10.1186/s11671-014-0722-1.

158. Chang, J.-S.; Kong, Z.-L.; Hwang, D.-F.; Chang, K.L.B. Chitosan-Catalyzed Aggregation during the Biomimetic Synthesis of
Silica Nanoparticles. Chem. Mater. 2005, 18, 702-707. https://doi.org/10.1021/cm052161d.



Polymers 2022, 14, 1391 25 of 25

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

Witoon, T.; Chareonpanich, M.; Limtrakul, J. Effect of acidity on the formation of silica—chitosan hybrid materials and thermal
conductive property. J. Sol-Gel Sci. Technol. 2009, 51, 146-152. https://doi.org/10.1007/s10971-009-1986-2.

Witoon, T.; Chareonpanich, M.; Limtrakul, J. Size control of nanostructured silica using chitosan template and fractal geometry:
Effect of chitosan/silica ratio and aging temperature. J. Sol-Gel Sci. Technol. 2010, 56, 270-277. https://doi.org/10.1007/s10971-010-
2303-9.

Witoon, T.; Tepsarn, S.; Kittipokin, P.; Embley, B.; Chareonpanich, M. Effect of pH and chitosan concentration on precipitation
and morphology of hierarchical porous silica. J. Non-Cryst. Solids 2011, 357, 3513-3519. https://doi.org/10.1016/j.jnon-
crysol.2011.06.029.

Witoon, T.; Chareonpanich, M. Interaction of chitosan with tetraethyl orthosilicate on the formation of silica nanoparticles:
Effect of pH and chitosan concentration. Ceram. Int. 2012, 38, 5999-6007. https://doi.org/10.1016/j.ceramint.2012.04.056.
Voznesenskiy, S.S.; Popik, A.Y.; Gamayunov, E.L.; Orlova, T.Y.; Markina, Z.V.; Postnova, I.V.; Shchipunov, Y.A.; Markina, V.Z,;
Shchipunov, A.Y. One-stage immobilization of the microalga Porphyridium purpureum using a biocompatible silica precursor
and study of the fluorescence of its pigments. Eur. Biophys. ]. 2018, 47, 75-85. https://doi.org/10.1007/s00249-017-1213-y.
Rathnayake, .V.N.; Munagamage, T.; Pathirathne, A.; Megharaj, M. Whole cell microalgal-cyanobacterial array biosensor for
monitoring Cd, Cr and Zn in aquatic systems. Water Sci. Technol. 2021, 84, 1579-1593. https://doi.org/10.2166/wst.2021.339.

Ben Ahmed, N.; Masse, S.; Laurent, G.; Piquemal, J.-Y.; Yéprémian, C.; Brayner, R.; Coradin, T. Optical microalgal biosensors
for aqueous contaminants using organically doped silica as cellular hosts. Anal. Bioanal. Chem. 2018, 410, 1205-1216.
https://doi.org/10.1007/s00216-017-0405-8.

Erickson, ].M.; Pfister, K.; Rahire, M.; Togasaki, R.K,; Mets, L.; Rochaix, J.-D. Molecular and Biophysical Analysis of Herbicide-
Resistant Mutants of Chlamydomonas reinhardtii: Structure-Function Relationship of the Photosystem II D1 Polypeptide. Plant
Cell 1989, 1, 361-371. https://doi.org/10.2307/3869015.

Tietjen, K.G; Kluth, ].F.; Andree, R.; Haug, M.; Lindig, M.; Miiller, K.H.; Wroblowsky, H.].; Trebst, A. The herbicide binding
niche of photosystem II-a model. Pestic. Sci. 1991, 31, 65-72. https://doi.org/10.1002/ps.2780310108.

Heiss, S.; Johanningmeier, U. Analysis of a herbicide resistant mutant obtained by transformation of the Chlamydomonas chlo-
roplast. Photosynth. Res. 1992, 34, 311-317. https://doi.org/10.1007/bf00033448.

Johanningmeier, U.; Sopp, G.; Brauner, M.; Altenfeld, U.; Orawski, G.; Oettmeier, W. Herbicide Resistance and Supersensitivity
in Ala250 or Ala251 Mutants of the D1 Protein in Chlamydomonas reinhardtii. Pestic. Biochem. Physiol. 2000, 66, 9-19.
https://doi.org/10.1006/pest.1999.2455.

Gosset, A.; Oestreicher, V.; Perullini, M.; Bilmes, S.A.; Jobbagy, M.; Dulhoste, S.; Bayard, R.; Durrieu, C. Optimization of sensors
based on encapsulated algae for pesticide detection in water. Anal. Methods 2019, 11, 6193-6203.
https://doi.org/10.1039/c9ay02145k.



	1. Introduction
	2. Sol–Gel Methods for the Production of Silica Hydrogels
	2.1. Sol Synthesis with Alkoxysilanes
	2.2. Sol Synthesis with Aqueous Silicates
	2.3. Sol Synthesis with Aminosilanes
	2.4. Gel Synthesis

	3. Biocompatibility
	3.1. Conventional Sol–Gel Method for the Entrapment of Insensitive Biological Material
	3.2. Reduction of Released By-Products and Avoidance of Increased Ion Concentrations
	3.3. Facilitation of Cell Proliferation by Reducing the Stiffness

	4. Entrapment of Microalgae in Silica Hydrogels
	4.1. Entrapment of Microalgae in Alkoxysilanes
	4.2. Entrapment of Microalgae in Aqueous Silicates
	4.3. Entrapment of Microalgae in Aqueous Silicates with Metal Ion Removal
	4.4. Entrapment of Microalgae in Aminosilane-Based Silica Hydrogels
	4.5. Core-Shell and Two-Step Entrapment of Microalgae

	5. Conclusions
	References

