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Claude Yéprémian,e Tristan Baumberger,c Roberta Brayner*b and
Thibaud Coradin *a

Silicates-in-silica nanocomposite hydrogels obtained from sodium silicates/colloidal silica mixtures have

previously been found to be useful for bacterial encapsulation. However the extension of synthesis

conditions and the understanding of their impact on the silica matrix would widen the applicability of

this process in terms of encapsulated organisms and the host properties. Here the influence of silicates

and the colloidal silica concentration as well as pH conditions on the gel time, the optical properties, the

structural and mechanical properties of silica matrices was studied. We show that gel formation is driven

by silicate condensation but that the aggregation of silica colloids also has a major influence on the

transparency and structure of the nanocomposites. Three different photosynthetic organisms,

cyanobacteria Anabaena flos-aquae and two microalgae Chorella vulgaris and Euglena gracilis, were

used as probes of the phycocompatibility of the process. The three organisms were highly sensitive to

the silicate concentration, which impacts both the gelation time and ionic strength conditions. The

Ludox content was crucial for cyanobacteria as it strongly impacts the Young’s modulus of the matrices.

The detrimental effect of acidic pH on cell suspension was compensated by the silica network. Overall,

it is now possible to select optimal encapsulation conditions based on the physiology of the targeted

cells, opening wide perspectives for the design of biosensors and bioreactors.

1 Introduction

The immobilization of living cells within solid supports is a
major challenge in biotechnology and biomedical science.
A straightforward approach consists in the colonization of
pre-formed porous matrices.1,2 Main challenges in this area
include the control of the pore size and connectivity related to

cell diffusion issues that can slow down, if not hinder, the full
colonization of the host.3,4 Moreover, this approach leads to an
easy leaching of the cells out of the matrix, which can be
advantageous for biomaterials,5 but unsuitable for bioreactor
or biosensor design.6,7 However it has the advantage of being
applicable to almost all types of materials, provided that they
do not release harmful products and that no detrimental
interactions occur between the host surface and the cells.8

The alternative strategy is the encapsulation of the living
organisms within a 3D material during its formation.9 This
approach should guarantee the stable entrapment of the cells
in the absence of external stresses or internal biodegradation.
However it raises important challenges in terms of chemistry as
the conditions of matrix formation must be compatible with
the survival of the organisms. Basically the encapsulation
reaction involves a precursor (that can be a single or a mixture
of organic monomers, metal species or polymer chains) in
water (that is the only acceptable solvent for a wide majority
of cells) that undergoes a solidification process under physical
(temperature and light), physico-chemical (pH and ionic
strength) and/or chemical (cross-linker) activation.10–12 In this
context, silica hydrogels appear to be particularly attractive
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b Sorbonne Paris Cité, Interfaces, Traitements, Organisation et Dynamique des
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cellular hosts as they can be prepared in aqueous media, at
pH 7 and are self-forming (i.e. do not require any additional
cross-linkers).13–15

A wide range of precursors, including gaseous,16 pre-
hydrolyzed17 or water-soluble silicon alkoxides,18 silicates19

and silica nanoparticles,20 have been used to design cyto-
compatible silica hydrogels. The latter silica sources have the
advantage of being cheap and environmentally-benign. One
possible approach relies on the acidification of aqueous
sodium silicate solutions.21 This procedure is perfectly adapted
to microorganisms able to cope with high salinity such as
marine algae.22 However, for the majority of micro-organisms,
a high sodium ion concentration can cause an osmotic shock
and dehydration or at least a very significant stress during
encapsulation.23 This issue has been successfully addressed
by treating sodium silicate solutions with a cation-exchange
resin resulting in a sodium-free precursor source,24 but the fast
gelation kinetics of these solutions do not allow forming gels
with a high silica concentration. Alternatively, colloidal gels
obtained from silica particles (Ludoxs) have been described20

but the absence of covalent interactions between these particles
can lead to cellular hosts with low stability.

The possibility of obtaining more stable aqueous silica
hydrogels at low ionic strength by using mixtures of sodium
silicates and silica particles opened up new perspectives for
cell encapsulation.25,26 It was found out that additives such as
glycerol27,28 or glycine betaine29 could improve the survival of
cells encapsulated in these silica-in-silicates hosts. However,
it was observed that small variations in the protocol could have
a large impact on the hydrogel structure and therefore on its
chemical and mechanical stability, as well as on its optical
properties.30 While successful results have been recently obtained
by substituting silicates with silicon alkoxides,31 most research in
this area turned towards the design of (nano)biocomposite hosts,
in which biological molecules such as phospholipids32,33 or
polysaccharides34,35 were used not only to provide a more
cytocompatible environment to the cells but also as the template
to control the internal structure and morphology of the hosts.
Nanocomposites associating silica nanoparticles with organic
polymers with promising mechanical properties were also
described but their use for cell encapsulation was not reported
so far.36–38

Thus the silica-in-silicates nanocomposite hydrogels remain
attractive materials for many applications where simplicity,
low-cost and eco-compatibility of the process prevail over
sophistication,39 for instance for in situ biosensing40 or
bioremediation.41 However, this requires a detailed under-
standing of the relationships between the chemical conditions
of synthesis (concentration of each precursors and pH) and the
mechanisms behind the formation of the hydrogels that dictate
their physical properties (optical transparency and stiffness)
and finally determine their impact on encapsulated cells. Here
algal cells were selected as probes for the phycocompatibility of
the process, not only because they usually allow for the evalua-
tion in a wider range of pH and salinity than bacteria but also
because immobilized photosynthetic organisms constitute the

most popular type of cells currently studied for the design of
environmental biosensors42,43 and green bioreactors.44,45

2 Experimental
2.1 Silica hydrogel synthesis and characterization

The preparation of silicate-in-silica hydrogels was performed
following the protocol described by Coiffier et al.25 using a
sodium silicate solution (SiO2 27 wt%, NaOH 10 wt%) and
LudoxsHS40 colloids (12 nm in diameter, 40 wt%). The sodium
silicate solutions with concentrations ranging from 0.1 M to
0.8 M and Ludox solutions with concentrations ranging from
1 M to 8 M were obtained by dilution of the commercial sources
in MilliQ water. Then 1 mL of each precursor was mixed under
mild stirring, 1 mL of deionized water was added and HCl 4 M
was added to adjust the pH to 5, 6 or 7, i.e. neutral or slightly
acidic conditions where microalgae were expected to survive.
The delay between water addition and observation of a non-
flowing system, as further checked by the tube inversion test,46

was considered as the gelation time, with a �1 min estimated
error. Additional experiments were performed using Ludox or
silicate precursors only, in which case 1 mL of MilliQ water was
used instead of silicate or Ludox solutions, respectively. In the
following text, the gels will be identified by the final concen-
tration of the precursors (i.e. 1/3 of the starting concentrations).

The optical properties of the gel were determined by mea-
suring the absorbance at l = 400 nm of gels directly formed in
the cuvette. Since high absorbance values were obtained that
may have caused saturation of the measurements, 0.5 cm-thick
cuvettes were used and the optical density OD400 was calculated
as twice the measured value.

Transmission Electron Microscopy (TEM) was performed on
a JEOL 100� using ultrathin sectioning of the gels after
dehydration and embedding in an acrylate resin. Resulting
images (n = 10) at various magnifications were analysed by
image J the black & white mode and taking the ratio between
the white area and the total area as a measure of a (2D) porosity.

For mechanical tests, gel formation was performed in plastic
containers allowing for easy recovery of the bulk hydrogels.
Disk shaped samples had a diameter of 25 mm and a thickness
of 10 mm. Compression tests were performed using an Electro-
Force 3200 Load Frame System (Bose) at a strain rate of 2.9%/s.
No significant friction at the contact surface was observed
ensuring uniform compression at small strains.

2.2 Cell encapsulation and characterization

Three different photosynthetic organisms were selected from
the Museum National d’Histoire Naturelle collection to explore
various physiological situations: the prokaryotic Anabaena
flos-aquae (ALCP B24) cyanobacteria and two eukaryotic green
algae, the Chlorellaceae Chlorella vulgaris (CCAP 211/11b) and
the euglenozoa Euglena gracilis (ALCP 217). A. flos-aquae and
C. vulgaris were grown in a Bold Basal medium at pH 7 and
E. gracilis in a Mineral medium at pH 3.6. Cells were cultivated
for 3–4 weeks where they reached their mid log-phase, allowing
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us to recover a cell density of 106–107 algae mL�1 (see ESI-1† for
full description and growth curves). For encapsulation, the
same protocol as for silica hydrogels was used except that
1 mL of the cell suspension was mixed with the silica precursors
instead of deionized water before adjusting the pH.

The influence of the pH, silicate and Ludox concentrations
on cell activity was studied by measuring the fluorescence of
chlorophyll a (lexc = 470 nm; lem = 680 nm), 1 day and 15 days
after encapsulation. The effect of pH variation was also
monitored for cell suspensions.

Encapsulated cells were observed using TEM, following the
above-described procedure except for additional staining with
uranyl acetate and lead citrate, and using Scanning Electron
Microscopy using a ZEISS microscope equipped with a Field
Gun (SEM-FEG) after fixation, dehydration and supercritical
drying of the samples.

3 Results
3.1 Silicates and Ludox behavior

In a first step, the behavior of silicates and Ludox solutions
alone was studied. For Ludox solutions, no gel was observed
after 24 h, whatever the pH between 5 and 7 or the concen-
tration in a [Ludox] = 0.33–2.66 M range. The optical density at
400 nm, OD400, was similar for all solutions at 0.33 M (Fig. 1(a)).
At pH 7, OD400 slightly increased with increasing particle
concentration. A similar evolution was obtained at pH 6 up to
[Ludox] = 2.33 M and then OD400 increased sharply. At pH
5 OD400 values systematically increased with particle content.
The OD increase observed at a low pH and/or a high Ludox
content is in agreement with the enhanced tendency of the
nanoparticles to aggregate when their surface charge is lowered
and/or concentration is increased.

For silicates, no gel was obtained at pH 5 nor at [silicate] =
0.03 M at pH 6 and 7. At [silicate] = 0.06 M and above, gelation
occurred and the gel time decreased with increasing silicate
concentration (Fig. 1(b)). At pH 6, the decay in the gel time was
fast between [silicate] = 0.06 M and 0.13 M and then becomes
slow. At pH 7, this trend was shifted to a lower silica concen-
tration and shorter gel times were obtained compared to pH 6,

i.e. a similar gel time of ca. 50 min was obtained for [silicate] =
0.2 M at pH 6 and [silicate] = 0.16 M at pH 7. As far as
absorbance is concerned, the OD400 value at [silicate] =
0.03 M is ca. 0.35, independently of pH. At pH 5, this value
increased slowly at a low silicate concentration and then more
rapidly. At pH 6, the OD400 values increased rapidly and
regularly with silicate content and then more slowly. The final
OD400 is close to that of the pH 5 sample at the same
concentration. At pH 7, the OD400 increase is almost similar
to pH 6, except for the final steeper increase. Noticeably, the
optical properties of the gel, indicative of the structure of the
silica network, are similar at pH 6 and pH 7 at low concentra-
tions and at pH 5 and 6 at high concentrations but, in both
cases, different gelation kinetics are observed, suggesting that
the strength of the inter-particle interactions is a key factor
determining the gelation kinetics.

3.2 Kinetics of nanocomposite hydrogel formation

Silicate-Ludox mixed systems were then investigated at various
concentrations and pHs 5–7. As a general trend, for a given
composition, the gelation time is the shortest at pH 7 and the
longest at pH 5, while values obtained at pH 6 are slightly
smaller or similar to those obtained at pH 5 (Fig. 2a–c). At pH 7,
the gelation time decreases rapidly with increasing silicate
concentration and then reaches a plateau. At pH 6, the decrease
step is more progressive whereas pH 5 represents an inter-
mediate situation. Data plotted as a function of total [SiO2]
concentration evidence that the gel time is more sensitive to
variations in the silicate concentration than in the Ludox
content (ESI-2†). It is thus possible to obtain gels having similar
gelation kinetics at almost all Ludox concentrations for a given
pH whereas equivalent gel times cannot be obtained at all
silicate concentrations at pH 5 and 6.

3.3 Optical properties of the nanocomposite hydrogels

Considering gel absorbance, evolution with a silicate concen-
tration and a Ludox content is very similar at pH 5 and pH 6
(Fig. 2e and f). OD400 increases with increasing amount of both
species, reaches a plateau and decreases at high Ludox and
silicate concentrations. At pH 7, a similar trend is found at low
and intermediate silica concentrations although the OD400

values are smaller than for more acidic conditions (Fig. 2d).
However, at high Ludox and silicate concentrations, the absor-
bance increases significantly. When considering the variations
with total silica content, the absorbance is again more sensitive
to variations in the silicate content than in Ludox, with gels of
similar OD400 being obtained at almost all Ludox concentra-
tions for a given pH (ESI-2†). However, it is also possible to
synthesize gels with similar absorbance at almost all silicate
concentrations. These curves also enlighten the peculiar effect
of high concentrations of silicates that decrease the gel absorbance
under most conditions.

3.4 Structural properties of the nanocomposite hydrogels

Selected samples were also examined by TEM (Fig. 3 and ESI-3†)
and the apparent porosity (in % of the surface, �2%) was

Fig. 1 Evolution of (a) optical density at 400 nm with Ludox concentration
and (b) optical density at 400 nm (plain line) and gel time (dashed line) with
silicate concentration at pH 5–7. Horizontal line provides a guideline to the
eye to illustrate the influence of pH. Note that neither Ludox solutions
nor silicate solutions undergo gelation at pH 5 under the conditions of
this study.
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evaluated using Image J. Whereas pH variations for fixed silicate
(0.16 M) and Ludox (1.66 M) did not impact significantly the

structure of the network (apparent porosity ca. 60%), the
increase of the silicate concentration from 0.06 M to 0.26 M at

Fig. 2 Evolution of (a–c) the gelation time and (d–f) optical density at 400 nm with silicate and Ludox concentrations at pH 7 (a and d), pH 6 (b and e)
and pH 5 (c and f). Colors indicate (a–c) the range of gelation time (in min) and (d–f) the range of optical density at 400 nm, with corresponding values
being indicated on the left-hand side of each plot.

Fig. 3 TEM images of gels (a–c) at fixed silicate and Ludox and variable pH, (d–f) at fixed Ludox and pH and variable silicate, (g–i) at fixed silicate and pH
and variable Ludox (scale bar = 100 nm). S = silicate concentration (in M); L = Ludox concentration (in M).
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a fixed Ludox content (1.66 M) and pH (6) slightly increased the
apparent porosity from 55% to 60%. The most significant
variations were obtained when increasing the Ludox content
from 0.66 M to 2.66 M (at fixed silicate (0.16 M) and pH (6)) with
a decrease in apparent porosity from 78% to 50%. To understand
these variations, it must be considered that colloidal gels are
formed by the connection of particles and their porosity corre-
sponds to the inter-particle voids. It can decrease if the number
of particles increases, as observed here for increasing Ludox
concentration. Alternatively, it can vary with the size of the
particles. TEM images suggest that in the nanocomposite system
these particles mainly correspond to aggregates of the Ludox
nanoparticles. Hence, it can be suggested that in the presence
of silicates, pH variation has little if any effect on Ludox
aggregation whereas silicate condensation has a strong influence
on this process.

3.5 Mechanical properties of the nanocomposite hydrogels

Selected gels were evaluated by compression tests. Some repre-
sentative curves and summarizing plots are gathered in Fig. 4.
For silicate-only gels, the stress-strain curves show a rapid
increase followed by a plateau or even a decrease corresponding
to the gel crushing (Fig. 4a). The Young’s modulus E, as
calculated from the slope of the initial linear part of the curve,
slightly increased with silicate concentration. The introduction
of Ludox at an intermediate concentration (1.66 M) signifi-
cantly increases the E values (Fig. 4b). Overall, when E is plotted
as a function of total silica concentration, a continuous
increase of the Young’s modulus is observed with similar values
being obtained at all pHs (Fig. 4c). Noticeably, above 1 M of
total silica, the log-log scale plot is linear, indicating a power-law
relationship between the silica concentration and E.

3.6 Influence of encapsulation on cell activity

Reference conditions for gel formation were selected in the
middle range of explored systems, i.e. [silicate] = 0.16 M, [Ludox] =
1.6 M and pH 6, and these different parameters were varied
keeping the two others constant.

In a first step, the effect of pH variation was studied for both
cell suspensions and encapsulated cells (Fig. 5). For A. flos-
aquae, the fluorescence signal dramatically fell down to zero
after 15 days of exposure to pH 5, while no effect was observed
at pH 6 and 7 (Fig. 5a). This effect was confirmed by macro-
scopic observations of the gels (ESI-4†), showing strong discolora-
tion of the cell suspension at this pH. After encapsulation, the
fluorescence level under acidic conditions remained comparable
to that of other pH conditions even after 15 days of contact
(Fig. 5d). A similar observation was made for C. vulgaris where the
high sensitivity of this alga to acidic conditions in suspension,
even after 1 day, (Fig. 5b and ESI-4†) was also compensated by the
encapsulation process (Fig. 5e). In sharp contrast, E. gracilis
showed no specific response to pH conditions, whether in
suspension or within the gels (Fig. 5c and f).

The effect of Ludox and silicate concentrations on encapsu-
lated cells was then investigated. A. flos-aquae showed a strong
sensitivity to Ludox concentrations larger than 1.6 M, especially

after 15 days, whereas C. vulgaris and E. gracilis showed more
limited loss of fluorescence over the same period (Fig. 6a–c). In
contrast, all cells were highly sensitive to increasing concentra-
tions of silicates after 1 day but the fluorescence intensity did
not significantly evolve during the next two weeks (Fig. 6d–f).

3.7 Influence of encapsulation on the cell structure

Cells encapsulated in the reference gel were observed by SEM
(Fig. 7). The filamentous A. flos-aquae is easily imaged, evidencing
that part of the organism is buried within the silica network.
C. vulgaris and E. gracilis are also surrounded by the inorganic
material. No apparent degradation of the cell wall could be
evidenced and it was even possible to image the flagella of
E. gracilis. TEM confirms the preservation of the ultrastructure
of the algae (Fig. 7). For A. flos-aquae and C. vulgaris, the cells are

Fig. 4 (a) Strain-stress curves of gels prepared from silicate alone solu-
tions at pH 6, (b) variation of the Young’s modulus E of gels obtained at two
Ludox concentrations as a function of silicate concentration at pH 6, (c)
variation of the Young’s modulus E with total SiO2 concentration at three
pHs on a log–log scale. The dotted line indicates a power-law relationship
between [SiO2] and E. S = silicate concentration (in M); L = Ludox
concentration (in M).
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surrounded by a cavity but contact points between the silica
network and the cell walls can be observed. In contrast such a
cavity is not present for E. gracilis.

The impact of a more acidic pH and of a higher silicate
concentration on the encapsulated cell ultrastructure was also
studied (ESI-5†). Cells encapsulated in hydrogels prepared at
pH 5 showed a good preservation of the ultrastructure but
an additional dense polysaccharide network was observed at
the cell surface. In contrast, TEM images of A. flos-aquae
immobilized in matrices obtained at a 0.26 M silicate concen-
tration showed an apparently empty cellular envelope with a
wide aperture, suggesting that cell lysis has occurred, and
covered by a thick coating. In the case of C. vulgaris at a similar
silicate concentration, a similar lysis and intracellular component
leaching is observed but the remaining membrane contains a

granular material that is highly reminiscent of the surrounding
silica network, suggesting that some Ludox particles have pene-
trated inside the cell. For E. gracilis, penetration of silica within
the cell is also evidenced although its point of entry within the
cytoplasm is difficult to distinguish.

4 Discussion

Silicates-in-silica nanocomposite hydrogels were introduced by
Coiffier et al. as solvent-free alternatives to silicon alkoxide-
based gels for cell encapsulation.25 They were initially devel-
oped for the immobilization of bacteria that, in a wide majority,
survive only under near neutral pH conditions and at a
moderate ionic strength.26,27 This led to the identification of

Fig. 5 Effect of pH on chlorophyll a fluorescence for (a and d) A. flos-aquae (A. f.), (b and e) C. vulgaris (C. v.) and (c and f) E. gracilis (E. g.) in suspension
(a–c) and within reference silica gels (d–f).
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a narrow range of conditions, in terms of silicate and Ludox
concentrations as well as pH conditions, compatible with the
survival of bacteria. In order to improve the optical properties
and mechanical stability of these hosts, extension of the pre-
cursor concentration range was proposed but it required the
addition of cell-protective agents.23 However, if the encapsula-
tion of more robust organisms, such as algal cells, is targeted, it
should be possible to extend the conditions of preparation, and
therefore the range of properties, of these nanocomposites
while preserving their cytocompatibility.

The here-presented screening of the concentration and pH
conditions evidences that among the two precursors, silicates
play the most prominent role in the kinetics of gel formation,
even though it is introduced at concentrations ca. 10 times
lower than Ludox. In this context, a decrease in the gel time

with increasing Ludox concentration should reflect the fact that
these particles occupy an increasing volume fraction of the
solution. This decreases the water volume fraction that needs to
be filled by silicate condensation to achieve the formation of a
percolated network.

The evolution of the optical properties of the nanocomposites
also follows a similar trend to that of pure silicate solutions except
for two noticeable points. First, the OD400 values of the composites
are significantly higher than silicates alone, indicating that Ludox
nanoparticles contribute to the diffusion behavior of the compo-
site. Second, at a high Ludox concentration, the OD400 value of the
nanocomposites decreases, suggesting that some interactions exist
between silicates and colloidal silica.

In contrast to aerogels47 or hybrid materials,48 the mechanical
behavior of wet silica gels has been sparingly studied so far.

Fig. 6 Effect of Ludox (a–c) and silicate (d–f) concentration on chlorophyll a fluorescence for (a and d) A. flos-aquae (A. f.), (b and e) C. vulgaris (C. v.) and
(c and f) E. gracilis (E. g.) within reference silica gels (d–f).

Journal of Materials Chemistry B Paper



2938 | J. Mater. Chem. B, 2017, 5, 2931--2940 This journal is©The Royal Society of Chemistry 2017

While several rheological studies of alkoxide-,49,50 nano-
particle-51,52 and silicate-based53–55 gels have been described,
compression tests performed on silica hydrogels are scarce.56–59

For Ludox-only systems, it was suggested that colloidal gels
consist of particle clusters that interact one with another.60,61

Such a structure is clearly visible on the TEM images of our
materials that appear formed via the connection of Ludox
aggregates. The behavior under strain of colloidal gels depends
on the relative elastic strength of the intracluster vs. intercluster
interactions, which varies with particle concentration and inter-
particle interactions.51 Here a major difference is that our system
consists of a reticulated silicate matrix that can link particle
aggregates together. A major consequence is that nanocompo-
sites can be obtained for Ludox solutions that do not form gels
on their own. Nevertheless, the evidence for a power-law relation-
ship between the Young’s modulus and total SiO2 indicates that
the nanocomposite system still behaves as a colloidal gel.62 This
suggests that the major role of the silicates is to fill the liquid
phase between Ludox aggregates via condensation, allowing
to reach percolation. Nevertheless, both optical and TEM data
indicate that silicate-colloid interactions can influence the
nanocomposite structure when the soluble precursor is present
at a high concentration. In addition to the above-mentioned
modification of the Ludox aggregate size, such interactions
should decrease the amount of polymerizing species available
in the solution, opening the matrix structure.

Noticeably, previous reports on silicate:Ludox hydrogels showed
that, at a fixed total silica concentration (2.1 M), the Young’s
modulus slightly decreases as the relative amount of Ludox
increases, which was correlated with the increase in the porous
volume.23 The mechanical properties of tetraethoxysilane:Ludox (HS-
40) silica hydrogels were also reported,58 showing that the mechan-
ical stability of the gel increased with increasing alkoxide content at
constant particle concentration. Using larger particles, for a given
total silica concentration, the elastic modulus of the gel decreased
with increasing particle size. The latter observation is in agreement
with our hypothesis that the particle aggregate size and cohesion
play a major role in the compression behavior of the hydrogels.

Considering the impact of the encapsulation on cell viability, it is
first worth pointing out that the measured effect of pH variations on
cell suspension is in agreement with their physiological character-
istics. Prokaryotic photosynthetic organisms, such as A. flos-aquae,
are usually considered to be more sensitive to several external
parameters, being chemical or mechanical, than eukaryotic ones.63

In contrast, E. gracilis are particularly robust organisms, thanks to
their physiological features that make them phylogenetically close to
protozoa such as Leshmania.64 Finally most eukaryotic micro-algae,
such as C. vulgaris, are sensitive to acidic pHs.65 The improvement of
A. flos-aquae and C. vulgaris viability under acidic conditions after
encapsulation is to be linked with numerous reports of higher pH
stability of silica-encapsulated biological samples.66 Among possible
effects, the buffering capacity of silanol groups present on the
surface of internal pores appears to be particularly relevant.67,68 In
addition, we have observed a thick polysaccharide coating on these
two cells encapsulated at pH 5, which can also trap protons and
avoid their diffusion to the cytoplasm.

The two eukaryotic organisms were not significantly impacted
by high Ludox concentrations whereas the prokaryotic A. flos-aquae
was highly sensitive to these. If we correlate these observations
with the properties of the corresponding matrices, it is to be
noticed that they all exhibit similar gel times and optical proper-
ties. In contrast, their Young’s modulus increases by a factor of
10 when the Ludox concentration increases from 1 M to 3 M. Such
a relationship between the mechanical properties and A. flos-aquae
survival is in good agreement with the fact that this effect is
particularly evidenced 15 days after encapsulation, i.e. after gel
strengthening via syneresis.53

Finally, the increase of the sodium silicate concentration
was detrimental to the three cells. However, in the investigated
range of conditions, neither the optical nor the mechanical
properties of the matrices were significantly modified by
the silicate concentration. In contrast, the gel time did vary
between 2 h and a few minutes. It is usually considered that too
short gelation times are not favorable to cell survival since they
do not allow their adaptation to their new environments.
In parallel, too long gelation times can also be detrimental as

Fig. 7 SEM and TEM images of (a and b) A. flos-aquae, (c and d) C. vulgaris and (e and f) E. gracilis encapsulated in the reference gel (pH 6).
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they allow for an extended contact time between the cells and
the precursors, which may be cytotoxic. Whereas it is difficult to
conclude on this point, the increase in ionic strength with silicate
concentration constitutes a more straightforward explanation for
our observation. Indeed, intracellular osmotic pressure can be
efficiently regulated by cells and several mechanisms exist to
compensate for a limited increase of the external ionic strength.
However, above a certain value, the cell membrane can no longer
control the ionic equilibria nor resist to the induced pressure
difference, resulting in cell lysis, as observed here by TEM.

Altogether, it is possible to define conditions that are
compatible with the survival of the three studied organisms over
2 weeks: (i) the pH 5–7 range is acceptable for all encapsulated
cells, (ii) Ludox concentrations up to 1.66 M are suitable for all
organisms but higher contents can be used for the eukaryotic
cells, (iii) the most stringent condition is related to the silicate
concentration that should remain below 0.16 M. Under these
conditions, it is nevertheless possible to vary both the absorbance
at 400 nm and the Young’s modulus (for eukaryotic cells) by a
factor of 10, offering a large diversity of encapsulation hosts.

5 Conclusions

Varying the precursor concentrations and pH conditions in the
preparation of silica-in-silicates nanocomposite hydrogels offers the
possibility of obtaining a wide variety of materials with a tunable gel
time, transparency and mechanical properties. Underlying chemical
and structuration processes revealed to be more complex than
expected, especially at high contents of both molecular and colloidal
sources. Among the available experimental conditions, only some of
them are suitable for microalgae encapsulation, in a highly species-
specific manner. In particular the ionic strength and mechanical
constraint appear to be the key factors determining cell viability
whereas the detrimental effect of acidic conditions can be sup-
pressed by encapsulation. Based on this, it is now possible to define
the optimal conditions for encapsulation of a given organism based
on its physiological features. This provides a unique opportunity for
the full integration of microbial biodiversity within functional
devices such as environmental biosensors and bioreactors.
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