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gelation process occurs from outside to inside and creates
a diffusional barrier for strontium, preventing its migration
into the sphere®.

The chemical composition of the starting ALG/B-TCP/
Sr microspheres indicated 0.87 + 0.08 wt.% of Sr and
34.99 + 3.56 wt.% of Ca, corresponding to an Sr/Ca molar
ratio of 0.025.
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Invitro tests (Figure 4) showed that up to 24h, at both pH
levels tested, there is an increase in the calcium and strontium
concentration in the solution, denoting a fast release of these
ions. Similar results were reported by Suganthi et al.” who
described that the initial burst release could be used for
antibiotic delivery to prevent an inflammatory process after
surgery. Our study was performed with microspheres of 355-
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Figure 4. Sr and Ca progressive releases of the ALG/B-TCP/Sr microspheres into (a) pH 4.0 and (b) pH 7.4 buffer with different soaking

time (error bars show the standard deviation).

Figure 5. SEM images of the ALG/B-TCP/Sr microspheres after immersion in buffer solution at pH 4.0: (a) 7 days — original
magnification = 200 x; (b) 7 days — Sk of magnification; (c) 14 days — original magnification =200 x and (d) 14 days — 5k of magnification.
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420 um diameters, which are favourable to the dissolution
process due to the high contact surface.

After 24 h soaking, there is a decrease of strontium
and calcium concentrations in the medium and, after 72 h
soaking, this depletion is more significant at pH 4.0. Based
on previous reports?!, the B-TCP dissolution initially occurs
with Ca*, Sr** and PO,* ions being released. With increasing
soaking time, the ions concentrations rise and the solution
becomes super-saturated, resulting in the precipitation of
a new calcium phosphate phase. The precipitation process
is responsible for decreasing calcium and strontium
concentrations after 24h?%. This process happens until
equilibrium is reached, where, after 7 days, the strontium
release is constant.

The strontium and calcium release profiles display a
similar trend. Comparing both conditions, the ion relief is
more pronounced at pH 4.0 due to the higher dissolution
of calcium phosphates in acidic environments®. Thus, this
pH provides a fast release of Ca*, Sr** and PO,* in the first
24 h, as can be seen in Figure 4a.

The Sr/Ca molar ratio remains almost constant and
equal to 0.8 during the entire experiment, indicating that
the Sr liberation rate is close to Ca. Moreover, as pH 4.0 is
favourable to B-TCP dissolution, the release of ions occurs
only in the beginning and, after the initial burst, the Sr/Ca
molar ratio remains unchanged.
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However, at pH 7.4 (Figure 4b) there is a higher
liberation of strontium ions when compared with calcium
release. These results corroborate with the fact that the
strontium ions are found preferentially on the surface
instead of inside the microspheres. Therefore, as pH 7.4 is
not aggressive and does not promote 3-TCP dissolution, the
release rate follows all of the previously mentioned stages,
being favoured by swelling surface.

The dissolution process seems to follows these steps:
when the microspheres are placed in contact with buffer
solution, the sodium ions from solution initiate an ion-
exchange process with calcium and strontium ions which
are binding with COO~ groups in the polymannuronate
sequences. Thus, the initial phase is the swelling of
microcapsules with calcium and strontium diffusion into
the medium. At the same time, slight B-TCP dissolution
occurs, along with phosphate release. Increasing soaking
time, the beads swelling and the chain relaxation rise. After
the swelling process, there is ion-exchange with calcium
and strontium ions, which are stable and strongly bind with
COO- groups in the polyguluronate units. The final stage is
microsphere disintegration because of the loss of structure
caused by calcium and strontium release®. These stages
happen more or less drastically in accordance with the pH
buffer solution.

@

Figure 6. SEM images of the ALG/B-TCP/Sr microspheres after immersion in buffer solution at pH 7.4: (a) 7 days — original
magnification = 200 x; (b) 7 days — 5k of magnification; (c) 14 days — original magnification =200 x and (d) 14 days — 5k of magnification.
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Figure 7. (a) XRD patterns and (b) FTIR spectra of the ALG/B-TCP/Sr microspheres at pH 4.0 after 7 and 14 days of soaking time.

Considering the initial Sr content on the microspheres,
the Sr maximum amount released during one day was
about 66% of the total present in the microcapsules. This
corresponds to a low strontium dose per day. Depending
on the treatment, it is possible to change the strontium
concentration for the best result in order to improve the
osteoblast differentiation and reduce osteoclast activity.

Figure 5 shows the morphological features of the ALG/
B-TCP/Sr microspheres after immersion in buffer solution at
pH 4.0 for 7 days (a), and at high magnitude (b), and at the
same pH for 14 days (c), and in high magnitude (d). In acidic
pH, the carboxylate groups of alginate are protonised and
the alginate polymeric chains are more relaxed. Although
the protonation hinders water uptake and, hence swelling,
the microspheres absorb water at a slow rate®**. For this
reason, the size of microspheres increased, indicating
that they are more swelled up to 7 days of immersion. At
14 days, higher B-TCP dissolution occurs, exposing the
alginate organic matrix, leading to microcapsules collapse.
These results corroborate with data presented by in vitro
tests where it was observed that there was a higher Ca and
Sr release at acidic pH.

SEM micrographs of the ALG/B-TCP/Sr microspheres
after immersion in buffer solution at pH 7.4 for 7 and 14 days
are shown in Figure 6. In the body fluid pH, the alginate
polymeric chains tend to absorb more water, hence swell
quickly and then begin the disintegration and disruption
process of egg-box structure. For this reason, after 7 days,
the microspheres are shrunken, cracked and B-TCP is
more apparent, thus maintaining the microsphere structure
(Figure 6a, detail in high magnitude 6b). At 14 days, greater
polymeric matrix disintegration occurs, making them unable
to maintain the microsphere structure®** (Figure 6¢, detail
in high magnitude 6d).

XRD patterns of the material after dissolution tests at pH
4.0 buffer (Figure 7a) revealed only B-TCP phase. However,
the diffraction peaks presented a decrease in the intensity
and a width enlargement, characterising a poorly crystalline
apatite phase. The dissolution of B-TCP was followed by the

precipitation of a new calcium phosphate phase that was not
detectable by XRD. No significant changes were observed
in XRD patterns of the samples obtained after pH 7.4 buffer
immersion (data not shown).

FTIR spectra of the samples after dissolution tests
(Figure 7b) exhibited bands at 1608 and 1422 cm™ which
were more pronounced. These bands correspond to C=0
and COO~ groups present in the alginate, as well as
demonstrating the carbonate presence. These CO,> ions
(bands at 1422 and 813 cm™) are incorporated from CO,
present in the atmosphere and in the buffer solution. Similar
results have been reported by Son et al.'®.

4. Conclusions

In this study, ALG/B-TCP/Sr microspheres were
prepared through the droplet extrusion process, employing
strontium chloride solution as a reticulating agent. Energy
dispersive spectroscopy (EDS) showed that strontium was
incorporated mainly at the surface of the microspheres
produced. The in vitro experiments revealed that there is a
rapid strontium release up to 24 h at pH 7.4 due to Sr location
on the microspheres’ surface. At pH 4.0, both calcium and
strontium were fast released due to B-TCP dissolution. The
Sr release up to 24h at pH 4.0 was about 66% of the total
present in microspheres. In vitro tests have shown that,
at acidic pH, the ions released would be governed by the
inorganic phase dissolution, while at neutral pH, organic
matrix swelling occurs and, consequently, the ions diffuse
into the medium. The use of SrCl, in the gelation process
of the microspheres jointly with an inorganic phase more
degradable (B-TCP) allows rapid strontium release in the
early stages of implantation, which can be relevant to bone
remodelling.
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