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Abstract

Calcium carbonate cements have emerged in the last few years as an attractive candi-
date for biomedical applications. They can be easily prepared by mixing water with
two metastable calcium carbonate phases—amorphous calcium carbonate (ACC) and
vaterite—which (re)crystallize into calcite during setting reaction. The transforma-
tion kinetics (and therefore the final surface cement composition) strongly depends
on the initial mixture design and is controlled by the dissolution of ACC, whereas
calcite nucleation typically controls their recrystallization in fluid batch experiments.
Novel compositions are presented in this paper by incorporating organic molecules
as a proxy to test their capability to carry on other biomolecules like proteins or anti-
biotics. The hardened samples are microporous and show excellent bioactivity rates,
although their mechanical properties still remain poor. However, this would not be a
handicap for in-vivo applications such as bone filling, especially in low mechanical

stress locations.

KEYWORDS

1 | INTRODUCTION

Biomedical ceramics and cements were the first synthetic ap-
proaches employed by orthopedics and surgeons to overcome
the inherent difficulties associated with natural bone-sub-
stitute materials (viral and/or bacterial contamination risks,
biological variability or difficulty of supply). More specif-
ically, calcium phosphate cements (CPCs) were the most
used and attractive alternatives as a result of their excellent
biocompatibility and bioactive properties.l’2 However, the
limited solubility of their main constituent phase (apatite)
still represents their leading drawback and in consequence,
several CPCs containing more soluble mineral compounds
(like calcium sulfate or calcium carbonate, for example:3_5 )

(re)crystallization kinetics, apatite-like precipitation, bioactivity, CaCO; cements, compressive strength

were developed to improve their biological resorption rate
and subsequent bone formation. Some authors went beyond
that idea and proposed cement compositions entirely made
of calcium carbonate (CaCO3),6"8 opening new possibilities
since they exhibit not only higher solubility but larger poros-
ity and faster resorption rates among many other advantages.

CaCQOs is a simple compound and one of the most abun-
dant minerals throughout nature. It exists in six different
polymorphic phases, which listed from the most to the least
thermodynamically stable are: three different anhydrous
crystalline phases (calcite, aragonite, and vaterite), two hy-
drated phases (ikaite and monohydrocalcite), and one amor-
phous calcium carbonate (ACC) phase. The feasibility of
sintering cements entirely made of CaCO; from those phases
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was already demonstrated by Combes et al.” The authors
stated that it is necessary to prepare biphasic mixtures of cal-
cium carbonate powders comprising metastable phases. One
of those should be the highly reactive ACC phase while the
other should be one of the metastable crystalline phases, that
is, either vaterite or aragonite, to serve as seeds and orient the
(re)crystallization of the mixture into a more stable calcium
carbonate crystalline phase in the presence of small amounts
of water. Nevertheless, a better understanding of this (re)
crystallization process is still necessary to optimize these ma-
terials since the adequate tuning of the cement composition is
crucial to achieve a satisfactory clinical use.

Cements, unlike sintered and natural materials can be eas-
ily associated with active biological molecules like proteins or
antibiotics.”'? However, there is still a lack of understanding
about the interactions between organic materials and inorganic
cements. For instance, polysaccharides, fatty acids (olive oil),
and Nopal juice (a plant extract) have been used in traditional
lime mortars to improve some of their properties“ but in most
cases they displayed a negligible impact on the mechanical
strength.12 Nevertheless, recent research has shown that the
presence of organic molecules in chalk (a carbonate sedimen-
tary rock) is key to understand its strength on geological time
scales.'® Chalk consists of tiny calcium carbonate crystals (in
the form of calcite) that are intrinsically very reactive. If these
crystals could recrystallize, chalk would have a very high
creep rate under its own load. However, the recrystallization is
passivated by the presence of organic molecules. Thus, when
a crack appears, the crack surfaces consist of fresh unpassiv-
ated calcite that can react to heal the crack. Consequently, the
presence of organic additives within cement microstructures
may open new possibilities in terms of enhanced mechanical
properties and endowment of self-healing properties that will
be of great interest, especially for biomedical applications.

In this study we evaluate the reaction kinetics and the
composition during setting and hardening of calcium carbon-
ate cements, both in the absence and incorporating octanoic
acid (OA) as a proxy to test their capability to carry on bio-
molecules like proteins or antibiotics and/or to endow them
with self-healing properties. Moreover, we assess their bone
bioactivity by checking the ability of apatite-like compounds
to form on their surface after immersion in simulated body
fluid (SBF) as a common practice in the field of bioactive
materials.'*'® The study covers several immersion periods
after which both their mechanical properties and degree of
apatite precipitation are evaluated.

2 | MATERIALS AND METHODS

2.1 |

The preparation of CaCO; cements requires the synthesis of
different calcium carbonate polymorphs in order to design

Preparation of CaCO; powders

the initial cement mixture.’ Accordingly, both ACC and
vaterite phases were prepared as described on."” Briefly, they
were precipitated by mixing calcium chloride (CaCl,-6H,0,
Sigma Aldrich) and sodium carbonate (Na,CO;, Sigma
Aldrich) equimolar (0.5 mol/L) solutions, prepared with ul-
trapure Milli-Q water (18.2 MQ cm), at room temperature
using a magnetic stirrer set at 400 rpm. Following Ogino et
al'® we used reaction time 10 seconds for ACC and 30 min-
utes for vaterite. To wash off any dissolved sodium chloride
(NaCl), the CaCOj; precipitates were rinsed with deionized
water and ethanol, using a filtering kit and 0.5 um pore-size
filter papers (Millipore, USA). Subsequently, the CaCO; pre-
cipitates were flushed with liquid N, to stop the recrystalliza-
tion of these metastable phases. The frozen precipitates were
lyophilized (Alpha 1-4 LD plus, Martin Christ, Germany) for
48 hours at 0.05 mbars and —50°C and stored in a freezer
(—22°C) with additional silica powder bags to keep them as
dry as possible'® prior to cement manufacturing.

The precipitates were scanned by X-ray diffraction
(XRD) (Bruker D8 Discover X-ray diffractometer) to iden-
tify the crystalline phases present using CukK, radiation
(30 mA and 40 kV) and recording 26 angles from 20° to
50° at a 0.04 s~' sweep rate. Additionally, they were imaged
with scanning electron microscopy (SEM) (Hitachi SU5000
Field-Emission; 1 kV acceleration voltage and 3.0 mm work-
ing distance).

22 |

Following the method outlined by Combes et al,” we syn-
thesized CaCO; cements with different microstructures by
mixing ACC and vaterite powders in different weight ratios
(Wt%): 1:1, 1:2, and 1:3, respectively, while keeping the lig-
uid to solid ratio (L/S) constant (0.5). Vaterite was selected
as our crystalline seed rather than aragonite to simplify the
manufacture.

To investigate the influence of organic molecules absorb-
ing on the mineral surfaces within the cement microstructure,
we have chosen to study a simple carboxylic acid: octanoic
acid. Octanoic acid is a low soluble, eight-carbon saturated
fatty acid, which can be found naturally in the milk of var-
ious mammals.?’ Due to its length, it has been used as a
cross-linker agent in several industries, including coatings
and pharmaceutics,21’22 and consequently it is an interesting
candidate to provide self-healing properties to cement pastes.
The carboxyl group of octanoic acid is known to absorb on
calcite surfaces as rnonolayers23 and can either inhibit further
calcite growth or enhance it by templating. Two different con-
centrations, 0.4 and 0.8 vol%, of octanoic acid (OA) (Sigma-
Aldrich) were added to the water phase prior to mixing with
the solid phase. These values were chosen based on prelim-
inary tests to find the maximum concentration of OA that
allows setting of CaCOj; cement pastes (C,, = 1.0 vol%).

Preparation of CaCQO; cements
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The notation used hereafter to refer to each composition is
the following: 1:1 wt%, 1:2 wt%, and 1:3 wt% for the pure com-
positions, and 1:2 wt% + 0.4 vol% OA and 1:2 wt% + 0.8 vol%
OA for those containing organic molecules. Just after mixing
the powders with the liquid phase, the resulting pastes were
viscous and easily moldable for several minutes. To ensure
reproducibility, sufficient cement quantities were made to per-
form all analyses on the same sample batch.

2.3 | In-situ time-lapse XRD analysis of
cement setting

To quantify the phase transformation kinetics during the set-
ting reaction we have used in-situ x-ray diffraction (XRD) at
high temporal resolution (<25 seconds) on the cement pastes.
The fresh pastes were molded into sample holders (25 mm
discs, 2 mm depth) and firmly tamped immediately after mix-
ing with water.

To identify the crystalline phases present within the pre-
cipitates as a function of time, the CaCO; cement pastes
were scanned using a Bruker D8 A25 X-ray diffractome-
ter with MoK, radiation (48 mA and 48 kV) and recording
26 angles from 10° to 17° at a sweep rate of 0.035 s™' (See
Supplementary Material, SM.1, for further details). The re-
actions were considered complete when no further changes
within the diffraction peak intensities were observed. Further
scans were launched after 28 days to discard any possible
evolution of the (re)crystallization process with time.

2.4 | Bioactivity assessment in simulated
body fluid
24.1 | Sample preparation

For the in-vitro studies and accompanying strength testing,
wet cement pastes (prepared as described on Section 2.2)
were placed in specially designed oedometric presses (hol-
low cylinders, 12.0 cm in height and 2.0 cm inner diameter)
in between two porous, plastic-made, auxiliary discs.”* The
inner walls of the presses were coated with Teflon®. A steel
spring loaded uniaxially the assembly at about ~0.15 MPa.
Thereupon, the presses were placed inside an oven at physi-
ological temperature (37°C) for setting and hardening for the
first 24 hours. After that, the specimens were unmolded and
left inside the oven for final drying. This process was fol-
lowed by means of their weight evolution using digital scales
(Sartorious Lab Instruments, Germany, accuracy = 0.1 mg).
After 7 days the weight of the samples reached a plateau
value and they were cut into smaller cylinders using a metal-
lic saw and polishing paper (silicon carbide PSOD) brought
to 1.00 + 0.02 cm in height and 0.50 + 0.02 c¢cm in diameter.
The final dimensions of the specimens were measured using
a caliper and used to determine their apparent density, p,.

Journal :-
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24.2 | In-vitro study with simulated
body fluid

Following Kokubo et al,14 an acellular solution with an
ionic composition similar to that of human plasma, known
as simulated body fluid (SBF), was prepared for the in-vitro
study by dissolving the amounts of reagent chemicals into
distilled water (in order): NaCl (137.4 mmol/L), NaHCO;
(4.225 mmol/L), KCI (3.018 mmol/L), K,HPO,-3H,0O
(1.012 mmol/L), MgCl,-6H,0 (1.529 mmol/L), CaCl,-2H,0
(2.631 mmol/L), and Na,SO, (0.506 mmol/L). The next rea-
gent was only added after the previous one was completely
dissolved. Then, the solution pH was adjusted to the physio-
logical value (7.40) by HCI (1.0 mol/L) addition and buffered
by tristhydroxyl-methyl) aminomethane (50.505 mmol/L).
The equilibrated mass distribution of the ionic species is in-
cluded on SM 4.

The small pressed cement cylinders were placed in poly-
ethylene flasks, immersed in 50 mL of SBF and incubated at
constant temperature (37°C) and orbital shaking (90 rpm) for
different periods of time (1, 3, 7, 14, and 28 days). The SBF
solution was refreshed every 3 days. After each immersion
period, the pH of the solution was measured and the spec-
imens were rinsed; first with distilled water and then with
ethanol to terminate further reactions, followed by a 24 hours
drying period under a fume hood. Samples were stored in
desiccators until further examination.

The formation of apatite-like crystals on the cements
placed in the SBF flask was studied by several analytical
techniques. First, the dried solid samples were fixed on a sup-
port plate using silver paste in between, and analyzed using
a secondary electron microscope (1 kV acceleration voltage
and 3.0 mm working distance). Second, scratched powder
taken with a spatula from the outermost surface was ana-
lyzed with XRD and Fourier transform infrared spectroscopy
(FTIR). XRD patterns were collected using Cuk,, radiation
(30 mA and 40 kV), recording 20 angles from 20° to 50°
at a sweep rate of 0.04 s and combined with the software
Diffrac.EVA (Bruker AXS, USA) for crystalline phase iden-
tification. FTIR spectra were recorded using an attenuated
total reflection (ATR) cell, in the transmittance mode and
within the wavenumber interval 400-4000 cm™". The analysis
was performed in triplicate over newly synthesized samples
while unsoaked samples of each composition were used as
controls.

243 | Compressive strength

The compressive strength of the cement cylinders used for
the in-vitro bioactivity assessment was tested before and
after each immersion period using a DEBEN CT5000 (UK)
tensile/compression stage (5000 N load cell, 0.01 N resolu-
tion), at a crosshead speed of 0.2 mm/min, corresponding
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to strain rates of 107> s'. From the recorded data (ap-
plied force and sample elongation), a stress—strain curve
was constructed for each test. The uniaxial compressive
strength (UCS) was computed on the basics of the maxi-
mum force applied at failure and the nominal cross-sec-
tional area of each specimen using an in-house developed
scrip in Matlab®.** Three samples of each composition
were tested to ensure repeatability.

3 | RESULTS AND DISCUSSION
3.1 | Characterization of the starting
materials

As shown in Ref.[17] ACC precipitates consist of equi-
dimensional spherical nanoparticles (<50 nm in diam-
eter) accompanied by rhombohedral crystals of about
50-100 nm, which were confirmed to be calcite by XRD
analysis. Vaterite precipitates consist of spherical grains of
4-5 um in diameter also accompanied by calcite rhombo-
hedral grains (4-5 um). An analysis of the XRD patterns
using the software Diffrac. Suite TOPAS (Bruker AXS,
USA) derived a composition of 86% ACC and 14% calcite
for ACC precipitates while a 93% vaterite and 7% calcite
for vaterite precipitates.

3.2 | (Re)crystallization analysis and final
composition of CaCO; cements

Cement compositions and transformation kinetics of differ-
ent CaCOj; phases involved during setting and hardening pro-
cesses are investigated by in-situ time-resolved XRD. Figure
1 includes an example 3D plot of the XRD patterns obtained
from the cement composition 1:1 wt%. At the base of each

1000
800
600
400
200

Net height, [cps]

12 13 14 15
20, [degrees]

FIGURE 1
the cement composition 1:1 wt% showing the evolution of the solid

3D plot of time-lapse XRD patterns obtained from

phases ACC, vaterite, and calcite. Colored peaks just to guide the eye

pattern there is a slightly curved baseline, resulting from the
combined scattering of the poorly ordered ACC and the aque-
ous solution.”> Moreover, immediately upon mixing of the
starting reagents with water, the distinctive diffraction peaks
of both vaterite and calcite are observed, with a more promi-
nent calcite peak.

With ongoing transformation, the broad hump and the
tandem vaterite peaks start to break down, while the calcite
peaks become more prominent. It is important to highlight
that the rates at which these phases dissolve and/or (re)crys-
tallize do not only vary with time but also are concentration-
dependent, so their values are different for each of the studied
cement compositions.

321 |

Figure 2 includes the calculated molar fractions, X, of the
three calcium carbonate polymorphs (ACC, vaterite, and cal-
cite) that coexist during the setting reaction for three different
CaCO; pure compositions (1:1, 1:2 and 1:3 wt% ACC:V). It
shows visually how the two starting phases—ACC and vater-
ite—are dissolving while the third one—calcite—is growing
at the expense of the other two. The results show that the
reaction rate, and thus the crystallization process, depends on
the initial weight ratio between ACC and vaterite powders,
as does the total duration of reaction. Moreover, it seems that
only the 1:1 wt% paste is able to complete the transformation.
After 10 hours of reaction, the remaining amount of vaterite
for this composition is almost undetectable (2 + 1%) and the
specimen is entirely made of calcite (98 + 2%). Thus, both
setting and hardening processes are fast enough to complete
the (re)crystallization of the initial admixture into the most
stable CaCOj; phase before drying.

The effect of starting composition

1,0 . . ———

o
(o]
T
©
l
1
1

1:24040A A e
- 12+4080A -

o
o

Molar fraction, M,
o
»

o
N

0,0

FIGURE 2 Calcite, vaterite, and ACC mole fractions,

X, evolution with time for three different pure CaCO5 cement
compositions (1:1, 1:2, and 1:3 wt% ACC:V), and two CaCO; cement
compositions containing organics. Solid symbols represent calcite
while empty symbols and dashed lines stand for vaterite and ACC,
respectively
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TABLE 1
from in-situ time-lapse XRD scans

Final composition (%)

Journal -
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Transformation kinetics during setting and hardening and final composition of several calcium carbonate cement pastes measured

Time constant,

Total reaction

Sample time (h) Calcite

1:1 wt% 10.00 98 +2
1:2 wt% 4.50 66 + 2
1:3 wt% 3.00 59+2
1:2 wt% + 0.4 vol% OA 4.60 68 +2
1:2 wt% + 0.8 vol% OA 4.90 702

The 1:2 wt% paste transforms more rapidly than the pre-
vious composition, following a linear evolution up to 3 hours
of reaction when it starts to deviate. After ~4.5 hours no more
changes among crystalline diffraction intensities are detected
and the reaction is stopped. Nevertheless, the results show
that the drying process does not allow a complete transfor-
mation of the initial phases since the set sample contains
66 + 2% calcite and 33 + 1% untransformed vaterite.

An even faster crystallization mechanism, as well as
earlier termination, can be recognized for the 1:3 wt%
composition. Calcite transformation kinetics also follows
a linear evolution and after 3 hours of reaction, a sudden
arrest makes the set sample to be composed by 59 + 2%
calcite and 40 + 1% untransformed vaterite. The complete
arrest of transformation of vaterite into calcite coincides
in time with the completion of transformation of ACC.
The coupling of the transformation kinetic timescales of
vaterite and ACC in these experiments is in contrast to the
decoupled timescales of transformation in previous exper-
iments, where the samples were plastic covered to avoid
evaporation.17 However, during the experiments here pre-
sented there was water evaporation to allow a more natural
coupling of setting and drying. The fact that when there is
no more ACC all transformation stops suggests that water
is mainly trapped in the very small pores between the tiny
ACC grains, whereas the coarser vaterite grains dry out
quickly and are only supplied with water for transformation
by the adjacent ACC. All these results are summarized in
Table 1.

In order to model this behavior, we follow'’
the crystal dissolution rate, r (See SM.2, for further details).

Previously,'” we found that for wet CaCOj; cements the
transformation mechanism was limited by the dissolution of
vaterite and not by the available surface area of calcite as has
been reported for batch experiments.lg’26 In the present case
of drying and recrystallizing cement, we employ an ACC dis-
solution model which analyzes the evolution of the mass, m,
of ACC. The theoretical interpretation coming out from this
model is included on Figure 3 (solid line) along with the ex-
perimental data measured herein for the ACC phase from dif-
ferent cement pastes (ACC:V ratios). The obtained time

and describe

7 (h) dissolution Final density,

Vaterite model c (g/cm3)
2+1 12 1.11 £0.01
33+1 7 1.09 + 0.02
40+ 1 5 1.08 +0.02
31 +1 7 1.16 + 0.08
29 +1 7 1.20 + 0.05
1,0 o T T T T
- g,
% hf"hf-.‘ .
£ 08r N, ]
3 Y,
S 06
E’ ACCV 1[n]
o 04} - 11 12
<. <12 7
o i
- 13 5
T 12404 7
g 02r 12408 7
e —— Qo (AG + Bll)
0,0 — . : —
0,0 0,2 0,4 0,6 0,8 1,0

Time/relaxation time, t/t

FIGURE 3 Normalized ACC mass evolution with time for three
different pure CaCO; cement compositions (1:1, 1:2, and 1:3 ACC:V
wt%) considering the supersaturation, 2, proportional to the Gibbs
free energy of the system AG. The solid line shows the outcome of the
ACC dissolution model (Equation SM.5)

constant values, 7, are Taccy 1. = 12 hours, Tjccy
1.2 = 7 hours, and 7,cc.y 1.3 = 5 hours. As for our previous
study, there is a good agreement between the model and the
data, which supports that the transformation of ACC to cal-
cite within a cement paste system is limited by the dissolution
of ACC, even under different setting conditions which do not
allow a complete phase (re)crystallization of the initial re-
agents within the paste. It is clear that the time constant

1/3
T é (%) changes for each of the initial cement mix-

tures, increasing with the initial ACC content.

During the transformation, the liquid phase of the cement
paste remains supersaturated with respect to calcite driving
the precipitation of this phase. The resulting fine calcite crys-
tallites begin to form an interconnected microstructure with
particular pore structure and geometrical distribution. We
suggest that subsequent crystal growth causes further harden-
ing and strengthening of the cement matrix toward an overall
mechanical resistance.

XRD scans after 28 days discarded further changes within
the cement compositions listed on Table 1.
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3.2.2 | The (lack of)
effect of organic molecules

Figure 2 also shows the calculated molar fractions, X, of
the three calcium carbonate polymorphs (ACC, vaterite
and calcite) that coexist during the setting reaction for two
CaCO; pastes with imbibed organic molecules. The 1:2
wt%+0.4 vol% OA specimen transforms linearly into calcite
as without OA. After 4 hours and 36 minutes, the reaction is
completed and the set sample contains 68 + 2% calcite and
31 + 1% untransformed vaterite. For the 1:2 wt%+0.8 vol%
OA paste, the reaction is over after 4 hours and 54 minutes,
leading to slightly greater final calcite content (70 + 2%) and
slightly lower untransformed vaterite amount (29 + 1%).
Moreover, XRD patterns remain nearly unchanged after
28 days as for the pure samples. Hence, a delayed effect
of OA molecules among the CaCO; phase transformation
mechanism is discarded.

The results show that the presence of OA molecules
does not significantly modify the reaction rate nor the final
phase composition when compared with their reference mi-
crostructure. Slightly longer reaction times lead to some
extend higher calcite and consequently, somewhat lower
vaterite amounts (Table 1). Moreover, the correspond-
ing time constants, z, obtained from the ACC dissolution
model are the same as those obtained for the 1:2 wt%
composition (Zacc.v 12 + 04 04 = 7 hours and 7acciv 122 + 0
oa = 7 hours).

Within the experimental uncertainty, the results show
that there is no effect of OA on calcium carbonate (re)crys-
tallization. This signifies that OA does not impede calcite
crystallization enough to become the rate limiting process.
We may also conclude that OA does not change the disso-
lution rate of ACC or vaterite (within the range studied).
Similar results were reported for carbonic anhydrase en-
zyme on lime mortars carbonation process.27 Thus, these
results are encouraging with respect to the inclusion of
other biomolecules like proteins or antibiotics (within sim-
ilar concentrations) which may enhance other properties of
the cements (like protein adhesion, bactericidal effect, drug
release, etc.) without modifying the crystallization pathway
of the pastes since that is mainly determined by the starting
mixture design.

3.3 | CaCOj; cements bioactivity
3.3.1 | Scanning electron microscopy
(SEM) analysis

Figure 4 includes an example set of surface SEM micro-
graphs obtained for the 1:1 wt% composition (A) before
immersion and after soaking in SBF for (D) 7 days, (E)
14 days, and (F) 28 days (See Figure SM.2 for (B) 1 day

and (C) 3 days). The images obtained for all the other com-
positions are similar, including those containing organic
molecules.

Figure 4A shows a microporous entangled network of
small (>5 um) rhombohedral calcite crystals. No changes are
observed in the cement surface (Figure SM.2B, 1 day and C,
3 days) until 7 days of immersion (Figure 4D) when the first
apatite-like crystals (~2 um) are detected. They are randomly
distributed along the surface regardless of any topographical
features. One extra week of immersion (Figure 4E) results not
only on double-sized (~5 pum) apatite-like crystals but also
in a partly covered cement surface since those crystals start
to merge and to form a smooth layer. Upon immersion for
28 days (Figure 4F), almost the entire cement surface is cov-
ered by a uniform apatite-like layer (identified by its crystal
habit). Once again the crystal size has roughly doubled indi-
cating an approximately constant growth rate of 0.3 um/day.

The appearance of well defined, isolated apatite spheres
indicates that there is a significant nucleation barrier to the
apatite formation. Two different mechanisms may be sug-
gested to explain the formation of apatites in SBF solutions.
The former considers that the SBF itself is supersaturated
with respect to most calcium phosphates (except brushite
(CaHPO,:2H,0) and monetite (CaHPO,), See SM.4 and Ref.
%%) and those may precipitate. However the concentration of
Ca™ and PO4_3 ions available for precipitation of calcium
phosphates in 50 mL of SBF solution is very small (See
SM.4, Table SM.2). On the other hand, the latter suggests
that the process requires the dissolution of calcite from the
sample tested to supply Ca** ions, despite the very low sol-
ubility of calcite (0.013 g/L at 25°C*”). Nevertheless, the ac-
tual Ca/P ratio of the SBF solution is around 2.6 and even if
we accept that some carbonate ions are recycled in the apatite
formed, its Ca/P ratio may reach 1.8-2.0 at most, leaving free
calcium in the solution. Thus, the successive soaking volume
of SBF in our experiments seems to be insufficient on PO4_3
ions to really change the bulk composition of the cement and
this suggests that the former mechanism might be the active
one despite of the low ionic concentrations. Moreover, the
final layer of apatite crystals was too thin to be correctly an-
alyzed using energy dispersive x-rays (EDS), allowing a high
contribution of Ca™ counts coming from the bulk cement.

It is important to mention that drying kinetics of CaCO;
samples used to perform this study are most likely dissimilar
from those used to follow their composition during setting
due to their geometrical differences. Regardless of the initial
mixture design, this fact will lead to gradual compositions
from the core of the samples toward their surface, but the
amounts included on Table 1 can, at least, be considered as
representative of their surface distribution as XRD results
confirmed (See Section 3.3.3). Under this base, SEM results
suggest that those constitutional differences do not alter the
bioactive properties of CaCO5 cements.
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FIGURE 4 SEM micrographs
obtained for the 1:1 wt% composition (A)
before immersion in SBF and after soaked in
SBF for, (D) 7 d, (E) 14 d, and (F) 28 d. The
arrows show the first apatite-like structures
detected, (G) FTIR spectra, and (H) XRD
patterns of the CaCOj; 1:1 wt% composition
after immersion in SBF for 0, 1, 3, 7, 14,
and 28 days
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3.3.2 | Fast transform infrared spectroscopy
(FTIR) analysis

The FTIR spectra of the CaCO5 1:1 wt% specimen immersed
in SBF for 0, 1, 3, 7, 14, and 28 days are summarized in Figure
4G. The intense contribution at the CO3_2 out-of-plane and
asymmetric bending bands located at 880 and 720 cm™, re-
spectively, is unsurprising since the cement is fully made of
C:11CO3.30’31 Moreover, all spectra capture signal from P-O
bands, which are linked to apatite (PO4_3 asymmetric stretch-
ing and bending modes located at 1010-1090 em™' 313 and
604-560 cm™',* respectively). Even though their intensity in-
creases with the immersion time, only lines measured on ab-
sorbance mode are proportional to the concentration but their
presence provides further evidence for the formation of apa-
tite-like structures and as such confirms the SEM observations.

Overall, the results obtained for the other cement com-
positions are similar to the ones included here, in agreement
with SEM observations and comments.
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For the CaCO; 1:1 wt% composition, the XRD patterns
(Figure 4H) obtained upon soaking in SBF for 0, 1, 3, 7, 14,
and 28 days, indicate that calcite is the final surface phase
for this cement composition and that apatite-like crystals
are of detectable size after 7 days of immersion. It is worth
mentioning that the intensity recorded by XRD strongly de-
pends on the degree of crystallinity of the scanned phases
whereas vibrational spectroscopies (FTIR) are less sensi-
tive to this parameter. This circumstance may explain why
FTIR peaks (previous section) are more intense than the
XDR peaks included on Figure 4H. However, looking
closely there are two weak peaks (located at 32° and 33°)
associated with apatite which increase in intensity with the
immersion time (rectangular area in Figure 4H). Since no
other intermediate crystalline phases are present, we can
confirm that the reaction to form apatite-like structures was
complete.

X-ray diffraction (XRD) analysis
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XRD patterns of powdered samples scratched from un-
soaked specimens confirmed that the values included on
Table 1 can be representative of the surface composition of
larger specimens, despite of the dissimilar drying kinetics.

Regarding the nucleation and growth of apatite-like struc-
tures, the results obtained for the other compositions are anal-
ogous, confirming that the bioactive properties do not depend
on the cement surface composition, that is,. the kinetics for
nucleation and growth of apatite-like crystals over their sur-
faces are identical for all of them. During the initial stage
of apatite growth, the mass of precipitate is nucleation-con-
trolled whereas when the entire surface is covered after ap-
proximately a month, the growth is reaction-controlled.

The crystalline apatite-like nucleation can be taken as a
proxy for the bioactive properties of the herein investigated
CaCO; cement compositions at in vivo conditions. In addi-
tion, the development of an apatite-like layer upon 28 days
of immersion is expected to enhance the cement bone-bond-
ing aptitude since it plays a crucial role at the cement-bone
interface as it has been showed for other cementitious mate-
rials.** It is also noteworthy to mention that no changes in
pH (7.40 + 0.10) are observed in the SBF solutions after the
tests and consequently none of the cements are neither highly
acidic nor basic compounds.

In addition to the bone-bonding ability, it is generally ac-
cepted that micrometer surface roughness not only facilitates
the degradation of the materials leading to higher bioactivity
rates>>® but enhance bone formation, protein adsorption, and
cell prolif<3rati0n.37’38 Given our SEM observations (Figure
4A-F), the cements herein prepared are expected to be excellent
bonding surfaces.

The results also show that octanoic acid does not com-
promise the bioactive properties of the cement pastes (within
the concentration range studied). Consequently, it might con-
tribute to enhance their overall performance. Further studies,
however, will be necessary to confirm this approach extend-
ing the analysis to other molecules with diverse carbon-chain
lengths, concentrations, and/or pH.

3.34 | Effect of SBF immersion on uniaxial
compressive strength (UCS)

The UCS of all CaCO; cements herein studied after immer-
sion in SBF for O (also referred as unsoaked samples), 1, 3,
7, 14, and 28 days is included in Figure 5. Among pure un-
soaked samples, the 1:3 wt% composition shows the highest
UCS, followed by the 1:2 wt% and the 1:1 wt%, subsequently.
Regarding the two compositions with imbibed organics,
1:2 wt% + 0.4 vol% OA and 1:2 wt% + 0.8 vol% OA, their
compressive strength is about 30% lower than that of their
counterpart without organics (1:2 wt%).

The dissimilar mechanical properties of unsoaked com-
positions can be due to several reasons. On previous sections
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FIGURE 5 Compressive strength of CaCO; cements before
(unsoaked) and after immersion in SBF for 1, 3, 7, 14, and 28 d. Data
are presented as mean values + standard deviation (n = 3)

we suggested that newly formed calcite crystallites may begin
to form an interconnected microstructure with particular
pore structure and geometrical distribution. Moreover, we
suggested that subsequent crystal growth may cause further
hardening and strengthening of the cement matrix toward an
overall mechanical resistance. Thus, under this hypothesis it
seems that the final porosity and the strength of the crystal
bridges formed may play the major roles on the mechanical
properties of set samples.

The apparent densities, p,, calculated for the 1:1 wt%,
1:2 wt%, and 1:3 wt% set specimens are 1.11 + 0.01,
1.09+0.02,and 1.08 +0.02 g/cm3 ,respectively. By comparing
these values with the density of bulk calcite (p e = 2.71 g/
cm®)**? a porosity of about 59%-61% can be estimated for all
of them. Furthermore, the apparent densities, p,, calculated
for 1:2 wt% + 0.4 vol% OA and 1:2 wt% + 0.8 vol% OA
are 1.16 + 0.08 g/cm3 and 1.20 + 0.05 g/cm3, respectively,
despite of the lower weight to volume ratio of octanoic acid
0.91 g/cm3).20 Comparing those values with the density of
calcite, porosity of about 55%-57% can be estimated. Even
though it has been shown that each cement composition has
its particular distribution of CaCOj; phases after the setting
reaction (at least on their surface), the approximation used
here to determine the porosity is fairly accurate since the
two most abundant phases within set samples, that is, calcite
and vaterite (Pyerie = 2-64 g/crn3)3’39 have a similar density.
Thus, the absence of statistical differences within the porosity
suggest that the origin of the dissimilar mechanical properties
is more likely to be related with the strength of crystal bridges
formed during setting. Indeed, this suggestion is consistent
with our previous study of CaCO; cement strength,17 where
we reported a direct relationship between the (re)crystalliza-
tion extent and the structural development of CaCO; cement
pastes. Moreover, we predicted better mechanical properties
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for ACC:V cement mixtures with a larger proportion of vater-
ite, and indeed this statement is confirmed here. An analo-
gous situation was found for tricalcium silicate (C;S) pastes
with the same porosity but diverse elastic modulus, E, and
hardness, H, remarking again the importance of the solid
phases, their volumetric distribution and the joints strength in
controlling the final mechanical pI‘OpCI’tieS.4O

For samples soaked in SBF, the results show that the UCS
dramatically drops for all compositions since the first day
of immersion, from where it continues decreasing with im-
mersion time but less harmfully. For instance, the UCS of
the 1:3 wt% drops by a 45% just after 1 day of immersion
while it requires 10 more days soaked to drop another 45%. A
tempting reasoning to explain this weakening is the dissolu-
tion of calcite although none of the hand specimens showed
visual signs of degradation. Nonetheless, calcite dissolution
is not feasible since the SBF solution is already saturated
with respect to calcite at 37°C according to the SBF compo-
sition. However, the formation of calcium phosphates (pos-
sibly amorphous) even at the first soaking will considerably
deplete the solution in Ca™ and PO4_3 and may induce the
dissolution of calcite, but further studies will be necessary to
check this approach. Moreover, weakening due to the modi-
fication of capillary forces within the cement grains can also
be a feasible reasoning as it has been reported previously for
other cemented rocks.*'**

Greater density and the development of an apatite-like
layer are features usually associated with a better mechanical
performance.“’44 However, the results show that the denser
compositions here studied, that is, those containing organic
molecules, have a lower UCS than their counterpart without
organic molecules (1:2 wt% pastes) after all soaking periods.
Thus, the presence of organics seems to be detrimental for the
mechanical properties of the entangled crystalline network.
A possible explanation can be a reduction in the overall joint
area within the crystals of the network along with the forma-
tion of insoluble salts with calcium or other calcium com-
plexes which will not form strong bonds with the carbonate
network. However, further characterization of the interac-
tions mechanisms between calcite and OA will be necessary
to identify the actual mechanisms.

Comparing the UCS results with the bioactive rates ob-
tained, the results show that the degradation kinetics of the
cements are greater than that of apatite-like nucleation and
growth for all compositions and hence, the influence of the
apatite-like layer on the mechanical properties is not captured.

To evaluate the potential use of bioactive CaCO; cements,
their strength must be compared with that of human bones.
For instance, the average femur bone compressive strength is
about 130 MPa,*> which is 23 times higher than the largest
value herein measured. From the previous interpretation, it
seems that the packing density of the cement samples, and
hence the UCS, can be improved by letting the pastes to set
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under higher pressures. However, further studies are still
necessary to check this approach. Even though the overall
compressive strength of CaCO; cements remains poor, such
mechanical properties would not be a handicap for second-
ary in vivo applications like as bone-filling, especially in low
mechanical stress locations since the release of calcium and
carbonate ions is believed to enhance the formation of new
bone tissues.’

4 | CONCLUSIONS

The cementing behavior of biomedical soluble calcium car-
bonate cements has been evaluated for different paste de-
signs, both in the absence and incorporating octanoic acid as
a proxy for organic molecules. Time-revolved in-situ x-ray
diffraction results showed that the (re)crystallization kinetics
depend on the reagent concentration, producing typical mi-
crostructures. All starting compositions lead to microporous
samples composed of >59% calcite being the transformation
from ACC and vaterite to calcite controlled by the dissolu-
tion of ACC. A higher initial vaterite concentration has the
dual effect of boosting the reaction rate, as well as an early
termination.

The inclusion of organic molecules within the cement mi-
crostructures, however, does not generate specific behavior
within the concentration range studied, opening the possi-
bility to extend the study to other kind of biomolecules like
proteins or antibiotics.

The bioactive properties of CaCO; cements have been
confirmed by apatite-like nucleation after 7 days of im-
mersion in simulated body fluid and the development of a
bone-like layer beyond that point, regardless of their surface
composition or imbibed organics. This coating is expected to
enhance the bone bonding aptitude of these cements. Even
though the compressive strength of all CaCO5; cements re-
mained poor, their high solubility, fast setting kinetics and
bioactive properties still makes them suitable candidates for
in vivo applications such as bone filler, especially in low me-
chanical stress locations.
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