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Silica@proton-alginate microreactors: a versatile
platform for cell encapsulation

Cecilia Spedalieri,” Clémence Sicard,”® Mercedes Perullini,” Roberta Brayner,® Thibaud
Coradin,” Jacques Livage,” Sara A. Bilmes and Matias Jobbagy .

As an alternative approach to the well known Ca(II)-Alginate encapsulation process within
silica hydrogels, proton-driven alginate gelation was investigated in order to establish its
capacity as a culture carrier, both isolated and embedded in an inorganic matrix. Control over
the velocity of the proton-gelation front allows the formation of a hydrogel shell while the core
remains liquid, allowing bacteria and microalgae to survive the strongly acidic encapsulation
process. Once inside the inorganic host, synthesized by a sol-gel process, the capsules
spontaneously redissolve without the aid of external complexing agents. The entrapped cells
survive the two-step process in a significant extent; culture’s growth restores the initial cell
count in less than two weeks. Biosynthesis of Au nanoparticles mediated by the entrapped

microalgae illustrates the preservation of the biosynthetic abilities supported by this platform.

Introduction

Alginate-based hydrogels offer a universal platform for the
preparation of biomaterials, ranging from macroscopic
scaffolds’ to micrometric capsules® * hosting enzymatic and/or
cellular activity.*® The structure of this biopolymer is based on
linear copolymers that contain homopolymeric blocks of (1,4)-
linked B-D-mannuronic acid (M) and its C-5 epimer, o-L-
guluronic acid (G) residues. These units are covalently linked
together in different sequences or blocks composed by the same
unit (MMMMM or GGGGGG) or alternating them
(GMGMGM); their relative amount and monomer distribution
depends on the origin of alginate.” Typically, the consolidation
of these macromolecules in the form of hydrogels lies on the
ability of alginate carboxylates to crosslink its chains by Me(II)
complexation, giving rise to Me(II)-Alg hydrogels. Among
cations, divalent ones as Ca(Il) or transition metal ones and
trivalent rare earths can easily drive the process.®'> Monovalent
cations such as potassium can also interact with the polymer
chains forming a hydrogel.*'® In the case of calcium, the
procedure can take place under mild pH conditions, allowing
the quantitative entrapment of cell cultures suspended in
sodium-alginate solutions (Na-Alg) ensuring as well long-term
viability once entrapped in the Ca-Alg hydrogel.'” Depending
on their inherent toxicity, other divalent or trivalent cations can
be employed in/ for biologically active species encapsulation
process.

For certain applications, these cross-linked alginate phases are
employed as culture carriers to be included within a stable
matrix, including polymer scaffolds,'® carbon nanotube-based
assemblies’® and microporous silica hydrogels.’® Once
entrapped within a stable hydrogel or scaffold, the cross-linked
alginate phase can be liquefied by means of citrate-driven
Ca(Il) sequestration. The former Ca-Alg hydrogel gives rise to
liquid voids within the silica hydrogels; inside these voids,

This journal is © The Royal Society of Chemistry 2013

cultures can grow isolated from the outer liquid media. Then,
these culture growth platforms can prevent contamination with
foreign strains, while nutrient can diffuse trough the hydrogel in
a proper period of time, allowing calli growth,'” biosensing,*'
biodegradation,22 etc.

As an alternative approach, the Na-Alg solution can be gelled
through the addition of acids. Once a critical fraction of
carboxylate residues are protonated, the decrease in the
polymer charge density allows for chain-chain interactions
leading to gelation. The inherent pH for the consolidation of H-
Alg hydrogel is around 3.5, depending on the mannuronic (pK,
= 3.38) to guluronic acid (pK, = 3.65) relative content of the
employed alginate.”> However, H-Alginate being intrinsically
an aggressive matrix, it is not surprising that its use as a culture
carrier was not reported so far. Interestingly, while Ca(Il)
driven gelation can be mildly reverted by mean of
biocompatible sequestration with citrate, proton-driven one can
be reverted with a moderate biocompatible pH rise. The present
work introduces the application of this approach as a straight
and faster alternative procedure for the preparation of
biologically active alginate carriers entrapped within silica
hydrogels. The survival of microalgae within these hybrid
platforms is demonstrated and the preservation of their
biosynthetic abilities is illustrated by means of the biosynthesis
of Au nanoparticles.

Experimental Section

Alginate. 1. Sodium alginate (from Brown Algae, Sigma),
HAuCl4.3H,0 (Acros Organics), CaCl,.2H,O (Sigma) and HCI
(Merck) were used as received. Solutions of sodium alginate 2 or 3%
wt. were prepared by dissolving the proper amount of the
polysaccharide in Milli-Q® water and left under stirring overnight
prior to use. 2. Afterwards, the alginate solution was put in contact
with a solution of crosslinking cation in an arrangement according to
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http://dx.doi.org/10.1039/c4tb02020k

Published on 20 February 2015. Downloaded by University of Michigan Library on 03/03/2015 14:31:02.

Journal of Materials Chemistry B

the required experimental measurement. Crosslinked samples were
named Ca-Alg, H-Alg, according to the cation that drives alginate
gelation. 3. For the titration curve, known masses of sodium alginate
2% were left overnight with different amounts of HCI 0.1 M and
MilliQ water. Equilibrium pH was then measured in the liquid phase
and plotted against the HCI mass added.

Culture growth and purification. 1. Escherichia coli cultures
used in this work were grown in Tryptone Soy Medium (TS)
overnight at 37°C. Prior to addition to the alginate solution,
cultures were centrifuged to obtain concentrated pellets. 2.
Chlorella vulgaris cultures used in this work were grown in
Bold’s Basal Medium (BBM) enriched with vitamins
(Thiamine -B1-, Cobalamine -B12-, Biotin; conc. 1x107° M).
Temperature was maintained at 20 + 2°C, with illumination
alternating between 16 h light and 8 h darkness. Prior to
addition to the alginate solution, algae culture was centrifuged
to obtain concentrated pellets.

Alginate gel preparation, characterization and culture
encapsulation. 1. To obtain beads, the alginate solution was
added dropwise to stirred solutions of HAuCl,, CaCl, or HCI
(concentrations between 0.1 M to 0.01 M) at a constant velocity
with a syringe needle. 2. A suspension of E. coli in alginate 2%
and 3% (10° CFU/mL) was added dropwise to an HCI 0.06 M
solution. The formed beads were extracted at different times
and left in phosphate buffer until dissolution. Afterwards, serial
dilutions were grown in solid TS-Agar medium for CFU count.
4. A suspension of C. vulgaris in alginate 2% and 3% (10°
cells/mL) was added dropwise to an HC1 0.06M solution. After
1 minute, the formed beads were extracted and left in an excess
of sterile water until encapsulation. When encapsulating with
Ca-Alg, alginate was added dropwise to a CaCl, 0.01 M
solution and left stirring for 10 minutes. Beads were extracted
after the mentioned time and left in an excess of sterile water
until encapsulation.

Silica hydrogel encapsulation. 1. Tetracthoxysilane alcohol-
free route (TAFR) silica hydrogels: silica sol was made by
mixing 20 mL of tetraethoxysilane (TEOS 98%), 6.25 mL of
H,O and 0.72 mL of HC1 0.6 M. The sol was vigorously stirred
for 24 h. To obtain the aqueous sol, the hydrolyzed silica sol
was diluted with an equal volume of H,0, and ethanol removed
from this mixture under vacuum (40 °C, 30 mbar) until the
weight loss equaled that of ethanol generated by the hydrolysis
reaction. The silica-based gels were obtained by mixing the
aqueous silica sol and phosphate buffer solution (0.2 M, pH
7.0). Volumes of silica sol and water were varied to obtain 3.6,
5.4, 72,9 and 10.7 % wt SiO, in the final hydrogel.** * 2.
Silicate/Ludox® (SL) hydrogels: appropriate volumes of 2 M
sodium silicate, commercial colloid silica (Ludox HS-40),
phosphate buffer solution (0.2 M, pH 7.0), Milli-Q® water and
small amounts of HCI 4 M (when needed) were mixed in order
to obtain varying proportions of polymeric to particulate silica
precursors (1:3, 1:4 and 1:5) and 10.7% SiO, in the final
hydrogel.>™ % 3. Optical properties of TAFR and SL hydrogels
were evaluated by attenuance at different wavelengths
immediately after complete gelation, with particular interest in
the 650-750 nm wavelength interval. 4. For the encapsulation
process, TAFR and SL gels were prepared as previously
described and, immediately after mixing the reactants, the
beads are added. For algae cell counting, a Neubauer chamber
was used.
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Proton/Au(Ill) diffusion, uptake and reduction. 1. In order
to assess the inherent interaction of Na-Alg solution with
HAuCl, solutions, diffusion experiments were carried out in
PMMA 1.5 mL cuvettes. In a typical experiment, 1 mL of Na-
Alg solution was placed in a cuvette with a small piece of
dialysis membrane on top to ensure a planar diffusion front.
500 uL of HAuCl,; and HCI solutions was added, and the
cuvettes immediately placed on a digital scanner. When
analysing proton diffusion, acid-base indicators were added to
the alginate and the HCI solution. To guarantee a robust
analysis, two different gold concentrations were used, and four
proton concentrations: two with the same pH as the Au(II)
solutions, and two with the same charge equivalents as the
Au(IIT) solutions. Images were acquired with a scanner at
regular periods of time, and analyzed with ImageJ free software
to obtain profiles of colour intensity. 2. The concentration of
Au(Ill) in the alginate beads was performed by ICP analysis.
2% and 3% alginate beads were left in HAuCl; 0.01M for
different times (10, 20, 30 and 60 min) and they dissolved in
concentrated HCI for further analysis. 3. The characteristics of
the interaction between alginate and the crosslinking cation
were explored by means of ATR-FTIR spectroscopy,
employing FTIR Nicolet 8700 equipped with a diamond crystal
sample holder. Alginate cylindrical shapes were obtained by
filling wells of 96-well microplaque with 300 puL of alginate
solution, and slowly adding concentrated crosslinking cation
solution on top to ensure complete crosslinking. All samples
were measured as made. These conformations were used to
ensure proper contact between the samples and the diamond
crystal.

Au nanoparticle characterization. 1. Characterization of
nanoparticles was made by scanning electron microscopy
(FESEM Zeiss Supra-40) equipped with energy dispersive X-
ray spectroscopy (EDS) probe, UV-visible spectroscopy (Ocean
Optics) and powder X-ray diffraction (Siemens D5000) using
graphite filtered Cu Ka radiation (A = 1.5406 A), with a 0.05
degrees step size and 15 s step time.

Results and discussion

The formation of proton cross-linked alginate gels, H-Alg in the
following, was investigated both by equilibrium and kinetic
determinations. The former was assessed by acid titration,
confirming a gelation pH in the range 3.0-4.0, while the latter
was inspected by straight observation of digital images acquired
from the gelation process.?’ Figure 1 presents digital images of
the H-Alg phase evolution, driven by HCI diffusion in the
presence of Methyl Orange and Methyl Red acid-base
indicators; their pH range of color transition are 3.1-4.4 and
4.4-6.2, respectively. These observations as well as others
performed with other indicators revealed that the pH of gelation
front lies below 4.4 (see ESI, Figure S1). Under the explored
conditions, the H-Alg phase gelation front develops at a rate of
ca.4mmh™.

This journal is © The Royal Society of Chemistry 2012
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Figure 1. Upper panel: digital images of proton (HCI 0.17M)
diffusion profiles in Na-Alg 3% wt, followed with Methyl
Orange (pH 3.1-4.4; up) and Methyl Red (pH 4.4-6.2; down);
dotted orange line depict the limit between the upper HCI
reservoir and the lower alginate gel/solution. Lower panel:
evolution H-Alg gel thickness for Na-Alg 3 wt% solutions
containing Methyl Orange (filled circles) and Methyl Red
(empty circles).

From the aforementioned results, it can be concluded that the
use of fully gelled H-Alg would be restricted for culture
entrapment of strains that remain viable at pH values lower than
4.4. However, when alginate gels are prepared in the form of
beads, it is possible to imagine the formation of an H-Alg shell
that could ensure the bead integrity and culture isolation from
the outer liquid media and would coexist with a remnant liquid
inner core retaining a non acid condition and hence preserving a
fraction of the starting culture viable for a suitable period of
time. The success of this approach relies on the control of
proton cross-linking front. In order to demonstrate the
feasibility of this procedure, a suspension of E. coli grown
overnight was centrifuged to concentrate the culture as a pellet
that was redispersed in Na-Alg 2% and 3% solutions until
homogeneity. Then, these suspensions were added drop wise to
a solution of HCl 0.06 M (to trigger gelation), and left
immersed for increasing times (0-4 min). Once extracted, the
beads were transferred to 1 mL phosphate buffer 0.1 M (pH
7.2) and left until total redissolution (10-15 min); serial
dilutions were made of each sample and left to grow in agar-TS
for CFU count. For cells suspended in 2% alginate viability
decreases below 50% after 2 min, and after 4 min it decreases
dramatically. However, higher concentrations of alginate allow
better results after short periods due to the inherently higher
buffer capacity of the biopolymer.

This journal is © The Royal Society of Chemistry 2012
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Figure 2. Viability of E. coli encapsulated in H-Alginate 2%
(up) or 3% (down) as a function of time.

Therefore, a two minutes-long time window guarantees viable
conditions for the inner fraction of the culture, allowing its
coupling with the second step (entrapment within a silica
hydrogel). The latter phase formation is driven by sol-gel silica
polymerization at neutral pH conditions in less than a minute
due to the addition of phosphate buffer. In parallel with this
process, the neutral buffer can diffuse towards the alginate
bead, driving the liquefaction of alginate and restoring a
cytocompatible pH within the whole void (see Scheme 1).

0000

Scheme 1. (A) Starting Na-Alg drop loaded with the suspended
C. vulgaris culture. (B) Immersion in acid solution and birth of
H-Alg rigid shell (opaque layer) around Na-Alg liquid core
through the diffusion of protons from the outer acid media. (C)
Growth of the H-Alg shell towards the liquid centre of the bead
(viable culture) immersed in an acid solution of silica
precursors. (D) Sol-gel transition driven by addition of buffer
solution to the silica precursors; partial liquefaction of the H-
Alg shell through the diffusion of protons towards the outer
buffered media. (E) Silica hydrogel consolidation and total
liquefaction of the H-Alg shell creating a liquid void. (F)
Decantation of C. vulgaris culture inside the liquid void.

The aforementioned concept was demonstrated entrapping C.
vulgaris microalgae within alkoxide-based SiO, (TAFR)
hydrogels of high optical quality. The procedure easily gives
rise to liquid voids within silica hydrogel. Figure 3 depicts
images of culture-loaded beads just after entrapment within the
silica hydrogel and after a 48 h-long aging. A close up of H-Alg
beads reveals a pale green shell, corresponding to steps B-D
depicted in Scheme 1. Cultures contained within Ca-Alg beads
(control) remain fixed in a rigid hydrogel, while those formerly
occupied by H-Alg were able to decant due to the liquid nature
of the voids. These high optical quality hydrogels (see ESI,
Figure S2) loaded with viable cultures constitutes a very
promising biosensing platform®*=° among other applications.’'

J. Name., 2012, 00, 1-3 | 3
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Figure 3. Silica TAFR hydrogels (10.7% SiO,) containing C.
vulgaris—loaded Ca-Alg and H-Alg beads immediately after
gelation (upper image) and after 48 h (lower image). Inset:
detail of re-liquefied H-Alginate voids.

Beyond their potential role as sensing platforms, SiO,-
hydrogels hosting C. vulgaris cultures were demonstrated to be
effective bioreactors for the biosynthesis of metallic
nanoparticles.”> In that scenario, aqueous silica-based (SL)
hydrogels are preferred for being less expensive and more
reproducible, allowing an easy scale up, even though their
lower optical quality. Several formulations hosting C. vulgaris
were tested in mid-term period. Figure 4 presents the cell count
of C. vulgaris (percentage respect to initial alginate bead) after
two weeks entrapped in varied SL gels using H-Alg and control
Ca-Alg hydrogels. Only deep green cells were taken into
account in order to properly reflect the fraction of
photosynthetically active cells. An optical inspection of the
whole encapsulated culture as performed with was not possible
in this case due to the inherent opacity of SL gel. It is worth
mentioning that C. vulgaris cell count after 1 min encapsulation
within 2 and 3% Ca and H-alginate resulted in no depletion, in
contrast with E. coli behaviour (Figure 2). All the formulations
revealed a suitable level of viability, compensating the initial
loss due to Alg acidification with cellular growth within the
voids. As a result, after two weeks, the cell population was
similar (Alg 3%) if not higher (Alg 2%) for H-Alg beads
compared to Ca-Alg.

4| J. Name., 2012, 00, 1-3
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Figure 4. C. vulgaris cell count (percentage respect to initial
alginate bead) after two weeks entrapped in 2% (blue) or 3%
(red) alginate crosslinked with calcium (light colour) or protons
(intense colour) dispersed within SL (Silicate:Ludox® 1:3, 1:4
or 1:5) hydrogels.

Once confirmed the suitability of SL hydrogels to entrap C.
vulgaris, their ability to perform biosynthesis of Au
nanoparticles was tested. To this aim a cuvette loaded with 1:3
hydrogel containing a single H-Alg (2%) bead was exposed to
an external solution of HAuCl, 0.02 M, in order to reach a final
concentration of 107 M. This concentration was chosen as
compromise of reaction yield while preventing spontaneous
Au(Ill) reduction driven by alginate, as observed for higher
HAuC]l, concentrations (see ESI, Figure S4). Yellow colour of
Au(IIT) precursor was noticed within the SL hydrogel, even
beyond the zone of the entrapped culture, confirming the
absence of spontaneous reduction within the SL hydrogel
support. Control experiments prepared without loading the
culture reveal no significant reduction either within SL
hydrogel nor inside the H-Alg cavity (see ESI, Figure S3-S5).
The eventual stabilization of Au(IIl) ions in the form of an
Au(IIl) cross-linked alginate hydrogel®®> could be disregarded;
FTIR analysis of samples prepared exposing Na-Alg to HAuCl,
solutions revealed the main features observed for bare H-Alg
control (See Figure 5). In addition once washed with water,
soluble Au(Ill) was released, leaving a stable H-Alg hydrogel
(see ESI, Figure S7).

Once the reagent diffused through the SL hydrogel and reached
the C. vulgaris liquid culture (4 h), Au(Ill) reduction was
noticed by the appearance of the pink-purple colour inherent to
plasmonic absorption band of nanometer-size metallic gold (see
Figure 6).

This journal is © The Royal Society of Chemistry 2012
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Figure 5. ATR-FTIR spectra recorded on Na-Alg 3% solution
and representative alginate hydrogels.

FESEM images of C. vulgaris extracted from the bioreactor
after 30 h denoted the presence of a dense deposit of
nanoparticles on their external surface; EDS elemental mapping
confirmed an homogenous signal of Au. An extract of
redispersed particles revealed the characteristic diffraction lines
of crystalline metallic gold; UV-Vis spectroscopy evidenced a
marked absorption maximum ascribable to the plasmonic
resonance band of nanometric metallic gold (see ESI, Figure
S9). Similar results were observed once the experiment was
repeated employing H-Alg (3%), in good agreement with
viability screening results.

Figure 6. SL hydrogel loaded with a C. vulgaris culture (7x10*
CFU/mL) in H-Alg 3% exposed to HAuCl, 10 M for 24 h.

This journal is © The Royal Society of Chemistry 2012
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Conclusions

Proton-driven alginate gelation offers a fast and reversible path
for the preparation of isolated liquid cultures entrapped within
silica hydrogels. Despite the aggressive pH imposed by H-Alg
consolidation, a significant fraction of the culture entrapped
within the alginate capsule remains under viable conditions;
after liquefaction culture growth can restore or even increase
the starting count, preserving its biosynthetic abilities. The
microalgae-assisted  preparation of Au  nanoparticles
demonstrates the possibility for an external feed of reagents and
confinement of resulting products in a small volume, allowing
their easy extraction and purification from reaction media.
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Acid gelation of alginate allows the inclusion of living cultures within sol-gel silica hydrogels. The
former bead spontaneously revert into a liquid viable culture.
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