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1. Introduction

In its most typical configuration, the design of a tissue engineering construct involves a
scaffold material to fill the defect, support and guide cells and possibly offer specific
biological cues. Compared to pre-shaped porous biomaterials, an injectable scaffold
offers two major advantages, namely the minimally invasive procedure required for
delivery and the ability to conform to defect volume and shape, avoiding the need for
custom manufacturing. Furthermore, growth factors and cell adhesion ligands can easily
be incorporated to sustain tissue formation.

However, the design of injectable materials introduces an additional entry to the
already long list of biomaterial requirements.[1] A low viscosity solution is, in fact,
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required for suspending the cell population in an injectable carrier, and the solidification 
process must of course be compatible with cell survival. In situ polymerization, cross-
linking or gelation must therefore occur under extremely mild conditions, which 
significantly limits the number of suitable formulations. Injectable systems based on either 
synthetic or natural polymers have been proposed for a variety of applications,[2–10] 
though primarily for cartilage, bone and myocardium tissue engineering.[11–21] Natural 
polymers have attracted the majority of research efforts, mainly because of their physio-
logically mild gelation conditions, but also because it is possible for them to play an active 
role in cell adhesion and remodelling. Accordingly, different examples of protein- (e.g. 
fibrin, gelatine and heparin) and polysaccharide- (e.g. hyaluronan, chitosan, alginic acid) 
based gellable systems were reported.

Unlike preformed scaffolds, injectable gels generally possess only a nanoscale 
porosity, so that a critical factor is undoubtedly represented by mass transport phenom-
ena. Inadequate diffusion of gases, nutrients, waste products and biological signalling 
molecules within the gel impairs cell survival in inner material portions and hampers 
tissue regeneration.[22]

To overcome this limitation, various methods of fabricating porous injectable 
scaffolds have been proposed, including in situ pore formation by phase separation and 
particulate leaching.[23,24] A different strategy to avoid excessive mass transport-
related drawbacks might also be represented by injection of cells loaded in rapidly 
degradable hydrogel microcapsules. The reduced microcapsule dimensions still permit 
delivery by injection, but the maximum material thickness between a cell and the host 
environment is limited to sphere radius.

Cell microencapsulation is a well-established technique in cell therapy in which 
medium-term biostable materials are employed as membranes to protect non-autologous 
secretory cells from the host’s immune system. The most advanced research topic in 
this area is grafting of pancreatic cells for glycemic control in diabetic recipients, since 
microencapsulation can reduce or eliminate the need for immunosuppressive therapy 
required by simple islet transplantation.

Although a few synthetic polymers have also been proposed,[25] natural polymers 
have mainly been considered for cell microencapsulation. Alginate-based hydrogels, in 
particular, have been the subject of extensive research for their good cell compatibility, 
relatively long-term stability and, above all, their unique and extremely mild ion-
induced gelation mechanism.[26]

Alginates collectively indicates a family of naturally occurring polysaccharides 
composed of β-D-mannuronic acid (M) and α-L-guluronic acid (G) homoblock and alter-
nating block in varying proportions and lengths. Upon interaction with divalent metal ions, 
an ordered structure, the so-called egg-box, is formed and was shown to involve 
cooperative binding of calcium ions between blocks of guluronic acid residues in two 
alginate chains.[27]

The most widely studied alginate-based formulations involve complexation with 
polycations, poly-L-lysine and chitosan in particular, to control permeability and 
increase strength and stability.[28–30] Nevertheless, other, different alginate-based 
formulations have been examined over the years to further improve the effectiveness of 
cell encapsulation, including cross-linked alginate–gelatine,[31] alginate-poly(ethylene 
glycol),[32] or alginate and hyaluronic acid stabilized with polyethyleneimine.[33]

Together with alginate, different biopolymers capable of gelling under mild 
conditions have attracted attention as cell carriers. Agarose gelation, for example, can 
be temperature-induced [34] and agarose alone or mixed with collagen has been



demonstrated to allow preparation of microbeads under conditions compatible with cell 
survival.[35,36] Collagen, type I in particular, can also be thermally gellated to prepare 
microcapsules containing viable cells [37] although, despite great interest due to its 
high biocompatibility, enzymatic in vivo degradation has often represented an obstacle 
for cell therapy applications.

Where the majority of formulas proposed in past years for microencapsulation were 
intended to increase material stability and support localized controlled cell release, 
long-term permanence of microcapsules ceases to be a requirement. On the contrary, to 
achieve retention and programmable release of viable cells in the regenerating tissue, 
the degradation rate of the microcapsule should be controllable.

The possibility of controlling microcapsule breakdown rate for alginate-based 
hydrogels by acting on their composition was explored here, and cell viability and 
release from microcapsules was assessed in vitro.

2. Materials and methods

2.1. Hydrogel formulations

All hydrogel formulations were based on sodium alginate (alginic acid sodium salt 
from brown algae, viscosity 100–300 cp, Sigma) and cross-linking was obtained by 
dripping alginate in a beaker containing a calcium chloride solution.

Plain alginate hydrogels were prepared with sodium alginate dissolved 1–2% w/v in 
deionizied water and using calcium chloride concentrations ranging from 0.05 to 0.25 M. 
Mixed formulations were prepared by adding either thermo-reversible gel forming 
poloxamer (Lutrol® F127, BASF) to alginate solution or 0.2% w/v weight chi-tosan (low 
molecular weight chitosan, Sigma, 75–85% deacetylated) to a calcium chlo-ride solution, 
to reduce or increase microsphere degradation time, respectively. While positively charged 
chitosan is known to strengthen alginate cross-linking,[29,30] polox-amer was chosen for 
its reduced stability together with its mild, temperature controlled, gel forming mechanism. 
When poloxamer was added, alginate solution was cooled down to −8 °C before dripping 
and calcium chloride solution was heated to 37 °C on a heating plate.

2.2. Fabrication and morphological characterization of microcapsules

Microcapsules were produced using a simple coaxial airflow dripping system similar to 
others previously described,[38] illustrated in Figure 1. The influence of process 
parameters (syringe pumps flow, air pressure and syringe needle gauge) was assessed in 
preliminary experiments and is briefly reported in Section 3.1. The morphology of 
microcapsules was evaluated on a dissecting microscope equipped with a CCD camera, and 
images were acquired to calculate bead diameter as the average length of two per-
pendicular axes for 20 randomly selected beads and eccentricity as their ratio.

2.3. Evaluation of hydrogel stability
The swelling and weight loss of microspheres were evaluated after ageing in a phos-phate 
buffered saline at 37 ± 1 °C for up to five weeks to appraise their kinetics. To measure 
weight variation, microspheres were strained from PBS and centrifuged to eliminate excess 
water.



The macroscopic appearance of capsules throughout the degradation period was
assessed for largest diameter microcapsules, aged in vitro under the same conditions,
by acquiring images with a digital camera equipped with a macro lens.

2.4. Cell encapsulation

For cell encapsulation experiments, 1.5% w/v alginate and 0.15 M calcium chloride
hydrogels were prepared using Dulbecco’s modified Eagle’s medium (DMEM) for dis-
solving alginate. For mixed formulations, poloxamer was added 20% v/w to an alginate
solution and chitosan 0.2% v/w to calcium chloride. Mouse myoblast C2C12 cells were
detached from flasks with trypsin-EDTA when reaching 50% confluence and resus-
pended (0.9 × 106 cells/mL) in alginate or an ice-cold alginate/poloxamer solution to
prepare microcapsules. Cell-loaded microcapsules were then collected from the calcium
chloride bath and distributed in 6-well plates containing DMEM supplemented with
10% foetal calf serum and 1% penicillin/streptomycin. A sample of microcapsules for
each material formulation was extracted and incubated with excess fluorescein diacetate
dye to evaluate cell survival of the encapsulation process. The remaining microcapsules
were transferred to a cell incubator (37° C, 5% CO2) and examined daily to record the
cells’ fate. The number of cells released by the microcapsules was estimated by
acquiring microscopic images of the well bottom for each formulation and by counting
cells in five randomly selected square areas (0.25 mm per side).

Figure 1. Coaxial flow dripping apparatus design scheme.



3. Results and discussion
3.1. Fabrication of microcapsules

The coaxial airflow dripping apparatus was confirmed to be an extremely simple and 
effective method for preparing microcapsules and controlling their size. As shown in 
Figure 2, by acting on air pressure regulation (p = 0.25–0.5 atm), bead diameter could 
easily be controlled (Figure 2) and a significant difference (p < 0.05 from Student’s t-test) 
among all the needle diameters considered was found. Conversely, large differences in 
needle diameter were required to reveal an appreciable variation in microsphere dimension 
(only 16 vs. 22G had p < 0.05) and syringe pump flow (influ-ence appeared negligible (p > 
0.05 for 10 vs. 50 ml/h) within reasonable values. For all material formula, eccentricity 
values were found to be very close to 1, indicating that capsule shape was spherical with 
good approximation (data not shown).

3.2. Swelling and destabilization behaviour
As reasonably expected, destabilization of pure alginate microspheres was influenced by 
both sodium alginate and calcium chloride concentrations. When looking at bead appear-
ance after ageing in PBS (Figure 3), it may be observed that microcapsule breakdown

Figure 2. Influence of airflow pressure (0÷0.5 atm), syringe pump flow (10–50 ml/hr) and nee-
dle diameter on alginate microcapsules diameter.

Figure 3. Macroscopic appearance of plain alginate microspheres after ageing in PBS.



was almost complete in one week for 1% alginate 0.05 M calcium, while beads were still 
distinguishable after one month when molarity was raised to 0.25. The effect of raising 
calcium concentration was not similarly straightforward for 1.5 and 2% alginate beads. 
For 1.5% capsules in particular, superior stability was observed for the intermediate 
calcium molarity. Persistence of 2% alginate capsules was observed for all calcium 
molarities, and very low swelling after 24 h was qualitatively detected for 0.15 and 
0.25 M beads. Furthermore, shell cracking after one week was found to be more severe 
than in other alginate concentrations.

When assessing weight variation of microcapsules in PBS (Figure 4), degrees of 
swelling of up to 190% were observed. For different alginate concentrations (left in Figure 
4), weight variations seem to be in accordance with the appearance shown in Figure 3. 
Rapid weight loss was found after 1 week for 1% alginate, while higher stability was 
observed for 1.5 and 2%. The slower water uptake found for 2% alginate was also reflected 
in capsule appearance and is in accordance with previous experiments that found a linear 
trend among delay in swelling and alginate concentra-tion varying from 1 to 3%.[39]

While examining the effect of calcium for 1.5% alginate compositions (left in 
Figure 4), the weight trend appears to be in accordance with early breakdown of 
capsules for 0.15 M formulations, while very little difference was found between 0.15 
and 0.25 M calcium beads.

Swelling and breakdown of alginate microcapsules in phosphate buffered saline 
(PBS) are explained by an ion-exchange mechanism between Ca2+ and Na+ ions avail-
able in the ageing solution. In the initial stage, ion-exchange involves mainly Ca2+ ions 
in polymannuronate blocks and results in a weaker structure that accounts for observed 
water uptake. In the later stages, Ca2+ ions in egg-box polyguluronate blocks start to 
diffuse out and beads begin to dissolve and lose weight.[40] On increasing sodium algi-
nate concentration when beads are formed, a higher number of binding sites are avail-
able for diffusing Ca2+ ions and, as a result, a more densely cross-linked (and less 
thick) membrane is formed for a given gelation time.[39,41] Denser shell initially 
hinders diffusion phenomena, and this might explains the delayed swelling for higher 
alginate concentrations. Furthermore, densely cross-linked shells are more rigid and 
possibly less capable of sustaining deformation caused by water uptake, accounting for 
the numerous shell breaks observed for 2% formulations. On the other hand, when 
cross-linking solution with higher calcium molarities is used, the greater gradient allows

Figure 4. Percent weight variation after ageing in PBS for microcapsules prepared with alginate
alone with different sodium alginate concentration (left, p < 0.05 from Student’s t-test where indi-
cated by star and for all timepoints after 1 h for 1.5 vs. 2%) and calcium molarity (right,
p < 0.05 where indicated).



for deeper penetration of calcium ions towards the centre of the forming bead, which 
will therefore result more homogeneous. A more cross-linked core might thereby pos-
sess superior stability, and persist even after shell rupture.

The addition of poloxamer and chitosan was also found to influence microcapsule 
swelling and degradation behaviour (Figures 5 and 6). By mixing poloxamer with the 
alginate solution, the destabilization rate increased significantly, and breakdown of cap-
sules was almost complete by two weeks. On the contrary, chitosan microspheres appeared 
to be almost unaltered, with no visible signs of capsule cracking after one month. When 
poloxamer and chitosan formula weight loss was taken into considera-tion, rapid 
destabilization of poloxamer beads was confirmed, while weight loss was

Figure 5. Macroscopic appearance of 1.5% alginate microcapsules prepared with 20% poloxamer
and 0.2% chitosan after ageing in PBS.

Figure 6. Percentage weight variation for 20% poloxamer and 0.2% chitosan microcapsules
after ageing in PBS. p < 0.05 from Student’s t-test where indicated by star.



faster than expected in capsules prepared with chitosan. This contradiction can be at 
least partially explained on the basis of the different capsule dimensions, since images 
were acquired for capsules with larger diameters than the beads used for weight loss 
and encapsulation experiments. It was previously observed that mechanical properties 
of alginate/chitosan microspheres generally increase with reduction in diameter, but 
below 300 micrometres this trend is reversed and small capsules appear weaker than 
slightly larger microspheres.[29]

3.3. Cell encapsulation
Fluorescein diacetate was able to penetrate the capsule shell, and staining effectively 
permitted visualization of the presence of viable cells within the microspheres for all the 
formulations tested (Figure 7). After 3 days in culture, cells released from poloxamer

Figure 7. Fluorescein diacetate staining of cell loaded 1.5% w/v alginate and 0.15 M calcium
chloride microcapsules with (right) or without fluorescent filter (left). Scale bar = 500 micrometres.

Figure 8. Appearance of cells in 1.5% w/v alginate and 0.15 M calcium chloride microcapsules
after two weeks. Scale bar = 200 micrometres.



Figure 9. Number of cells on the bottom of wells containing microcapsules for 1.5% alginate 0.15 M 
calcium, alginate/poloxamer and alginate–chitosan microcapsules (p < 0.05 from Student’s t-test for 
all paired comparisons). For poloxamer microcapsules, cells were confluent.

containing microcapsules were observed on the well bottom, while one week was neces-
sary to find released cells for plain alginate and alginate–chitosan formulations. For the 
latter two, upon capsule breakage, cells were found to be prevalently growing in the space 
between the capsule’s external shell and its softer inner core (Figure 8). After 14 days, well 
observation showed significant differences in cell density for the 3 formulation tested 
(Figure 9), supporting the hypothesis that simple changes in material formulas permit 
control of bead breakdown rate, achieving programmed cell release from alginate-based 
microcapsules.

4. Conclusions

When injectable materials are considered, the presence of cells during gelation signifi-
cantly reduces the number of suitable chemistries. Due to the high biocompatibility of both 
precursors and degradation products and the extremely mild gelation conditions, naturally 
occurring hydrogels often appear to be the ideal choice for encapsulation, although they are 
generally lacking in terms of properties tunability. For alginate-based formulations, 
controlling calcium ion and sodium alginate concentrations and mixing with other natural 
or synthetic polymers offers a simple solution for adjusting bead destabilization according 
to the envisaged application and regulating cell release.

Rapidly degradable microcapsules have the potential to preserve the benefits of 
injectable materials, i.e. maintain defect volume and localize and enhance the therapeu-tic 
effect of cell delivery, but with reduced limitations in terms of diffusion. Further-more, 
provided that alginate itself is not capable of specific interactions with cells,[42] proteins 
(e.g. fibrinogen [43]), peptides or other biologically active molecules can be introduced not 
only to influence material stability, but also to improve alginate biocompatibility and 
promote interactions between hydrogel and encapsulated cells by presenting specific 
chemical cues.
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