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Abstract

Calcium sulfate hemihydrate (CSH) with controlled crystal morphology has attracted broad interests due to its superior physical and
chemical properties, as well as excellent biological performance. In this study, calcium sulfate dehydrate (CSD) was firstly synthesized
via the reaction of H,SO,4 and Ca(OH), using ethanol as morphology modifier. The prepared CSD was then converted to CSH through
a hydrothermal method. It was found that the precipitation time of CSD powders was dramatically shortened and the morphology of
CSD crystals was changed from thick tabular to short-rod with the increment in ethanol addition. The finally-obtained CSH crystals
were found to have hexagonal prisms shape with smaller aspect ratios. The CSH powder with the desired crystal morphology would
provide improved setting behavior and biological performance of the CSH bone cement.
© 2012 Elsevier Ltd and Techna Group S.r.1. All rights reserved.
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1. Introduction

Calcium sulfate (CS), an important family of minerals
used in laboratory and industry, exists in three forms
including dihydrate (CaSO,-2H,O, CSD), hemihydrate
(CaS0O4-0.5H,0, CSH) and anhydrite (CaSO,4). Among
them, CSH has attracted widespread attentions as one of
bone regeneration materials due to the advantages of
complete resorption without inflammatory response, excel-
lent osteoconductivity and the ability of promoting bone
regeneration and hemostasis [1-6]. Moreover, CSH is a
typical cement material. Its self-setting feature allows form-
ing products with desired shapes or complex geometry.
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Therefore, CSH has been widely accepted as bone defect
filler in clinical operations [7-9].

Numerous researches have focused on the relationship
between the properties of CSH and its crystal morphology.
The studies on commercial CSH (OsteoSet®) showed that the
crystals have a regular prismatic shape with a narrow size
distribution. The corresponding material possessed a slow,
predictable re-absorption and superior biological performance
[10-12]. Equiaxed CSH crystals having low aspect ratios were
also synthesized by Peng et al. to enhance its injectability and
mechanical properties [13]. Woo et al. evaluated the mechan-
ical and handling properties, and biological performances of
CSH with different crystal structures [14]. They demonstrated
that of the crystal structure of CSH determined its mechanical
properties for supporting the osteoblast differentiation. Thus,
for clinic applications, it is meaningful to develop a methodol-
ogy to prepare high-grade CSH with controlled morphology
and grain size [15-17].
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Two methods are commonly employed to prepare CSH.
One is the dehydration of the CSD precursor at elevated
temperatures and pressures [18,19]. The other is the hydro-
thermal method, in which CSD precursor was treated in
boiling solutions of inorganic acids or salts (such as H,SOy,
KCl, CaCl, and MgCl,) under atmospheric pressure to
synthesize high-grade CSH [20-23]. The hydrothermal
method is more economic and moderate for the mass
production of CSH with good repeatability. Some organic
reagents can inhibit or promote the grain growth along
particular crystallographic planes to modify the crystal
morphology. E.g., ethanol could effectively affect the shape
and size of the CaCO; nanoparticles prepared by the
hydrothermal method [24-26]. Since CaCO; and CaSOy,
have similar polar crystallographic planes which would be
interacted by the modifying reagent, it is reasonable to try
ethanol to control the morphology and size of CSH crystals
which is crucial for bone graft substitute.

In this study, we firstly prepared CSD through the reaction
between Ca(OH), and H,SO, in a water/ethanol mixture
using a precipitation method. Ethanol was used as a mor-
phology modifier reagent to control the final morphology of
CSD crystals. The hydrothermal method was then used to
dehydrate the as-prepared CSD to obtain final CSH product.
The effect of ethanol on the morphologies of CSD and CSH
crystals were comprehensively investigated, and the underlying
mechanism was tentatively discussed based on the crystal-
plane-selective-absorption characteristic of ethanol molecules.

2. Experimental procedures
2.1. Materials

All chemicals used in this study were of analytical grade
and produced by the Sinopharm Chemical Reagent Co.
Ltd. (Shanghai, China). Concentrated Sulfuric acid was
diluted to a 1.2 mol/L H,SO4 solution. 99.7 wt% absolute
ethanol was used as the morphology modifier. A 30 wt%
Cac(l, solution was used as the medium for the conversion
of CSD precursor to final CSH product.

2.2. Methods

The precipitation process of CSD is described as follows.
Firstly, ethanol/water solutions with various ethanol/water
volume ratio (R) ranging from 0 to 4:3 were prepared and
stirred by magnetic stirring for 30 min. Then, Ca(OH), was
dissolved in the ethanol/water solution to form a saturated
solution followed by titration of H,SO, solution. The obtained
suspension was kept stirred for 4h to ensure a complete
reaction. After that, the CSD precipitate was centrifuged at
3000 rpm for 10 min and dried at 40 °C for 30 min in oven.

A hydrothermal method was used to dehydrate the as-
prepared CSD precursor to final CSH product. A 30 wt%
CaCl, solution was added into a three-neck flask equipped
with a reflux condenser and kept in an oil bath at 110 °C.
Then, the as-prepared CSD powders were added into the

boiled solution and stirred for 6 h. After that, the prepared
CSH powders were quickly filtered and then dried at
110 °C for 30 min in oven.

2.3. Characterization

The precipitation process of CSD powders was carefully
monitored. The onset of precipitation was determined as the
obvious precipitation phenomenon occurred (a cloudy white
precipitate appeared in the transparent reaction solution).

The morphology and the phases composition of the as-
prepared CSD and CSH powders were examined using a field
emission scanning electron microscopy (FE-SEM; S-4800,
Hitachi Science System Ltd., Japan) and X-ray diffrac-
tion(XRD; D8 Advance, Bruker Inc., Germany), respectively.
The XRD analysis was performed with CuKa radiation at a
scanning rate of 1°/min in the 20 range from 10° to 40°. The
particle size of the CSD was measured by a laser particle size
analyzer (Microtra S3500, A Unit of Nikkiso Co. Ltd.,
Tokyo, Japan) after ultrasonic treatment in the anhydrous
ethanol solution. The grain size and the average aspect ratio of
CSH crystals were analyzed on the basis of the SEM data.

2.4. In vitro biocompatibility

Assessments of cytotoxicity were carried out according
to ISO 10993-5 [27,28] using an extraction method with
mouse fibroblast cell line 1.929. The extracts were prepared
as follows: CSH powders were added to Dulbecco’s
Modified Eagle’s Medium (DMEM; Gibco, USA) and
kept in a humidified atmosphere of 5% CO, at 37 °C for
24 h. The ratios of powder weight to medium volume were
ranging from 25 mg/ml to 200 mg/ml. After incubation,
the mixture was centrifuged to collect the supernatant.

The cell suspension with a density of 3 x 10* cell/ml was
prepared. 100 pl cell suspension was added to the wells of the
96-well plate and incubated for 24 h to allow attachment.
Then the culture media were replaced by 50 ul of extracts and
50 ul of DMEM with 20% fetal calf serum (FCS). The
DMEM with 10% FCS was used as negative control. A cell
counting kit-8 (CCK 8; Dojind Molecular Technologies Inc.,
Japan) was employed to quantitatively evaluate the cell
viability as follows: after incubating for 1, 3 and 5 days,
each well was added with 10 ul of 5mM 2-(2-methoxy-4-
nitrophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-2 H tet-
razolium monosodium salt (WST-8) and cultured for 2 h.
The optical density (OD) of each well at 450 nm was
measured by a microplate reader (Infinite M200 Pro, Tecan
Group Ltd., Switzerland). Six samples per group were tested.

3. Results

3.1. Influence of ethanol concentration on the precipitation
of calcium sulfate dihydrate (CSD)

The effect of ethanol on the CSD precipitation was
evaluated by the onset time of precipitation. Table 1
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summarizes the onset time for CSD precipitation in
solutions with various R from 0 (no ethanol) to 4:3. The
reaction time as lone as 48 + 3 h is required to initiate the
CSD precipitation in pure aqueous solutions (R=0)
because of the low solubility of Ca(OH), (0.173 g/100 mL
at 20 °C) in water. The thus low concentration of Ca®* ion
can not meet the requirement that a supersaturation
condition of Ca’** is needed to precipitate CSD. With
the addition of ethanol, however, the precipitation times
were remarkably shortened. Specifically, the precipitation
onset time was reduced to 3min when R reached 1.
Further addition of ethanol showed no visible change on
the onset time of precipitation. The accelerated precipita-
tion due to the addition of ethanol is meaningful to
improve the yield of CSD precursor.

Table 1
The onset times of the CSD precipitation in ethanol/water solutions with
various ethanol/water volume ratios.

Ethanol/water 0 1:3 2:3 1:1 4:3
volume ratios
The onset times 48 +3h 154+ 3min 54+ 1min 34+ 1.1 min 2+ 0.6 min
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Fig. 1. X-ray diffraction patterns of the calcium sulfate dihydrate (CSD)
synthesized at ethanol/water ratios (R, v/v) of (a) 0; (b) 1:3; (c) 2:3; (d) 1:1
and (e) 4:3. The inset depicts the starting reaction solution (a) and the
final state of solution after 48 h reaction without (b) and with ethanol
when R is 1:1 (c) showing the largely improved yield of CSD product.

Table 2

Fig. 1 shows the XRD patterns of CSD powders pre-
pared in water (R=0) and ethanol/water mixture solutions
with different R ranging from 1:3 to 4:3. All peaks were
indexed corresponding to calcium sulfate dihydrate phase
(JCPDS card 74-1433) with the monoclinic structure,
indicating a fully crystallized CSD phase. The calculated
crystallography data based on a monoclinic lattice of CSD
are also listed in Table 2. It is found that all the diffraction
peaks of CSD synthesized in mixture solutions shift slightly
to higher 20 values with the increment of the ethanol,
indicating the reduced d-spacing of lattice and compacted
lattice volume in the as-prepared CSD crystal modified by
ethanol during synthesis. The calculated lattice parameters
further present that a higher R led to smaller lattice
parameters in the products. The inserted photo in Fig. 1
shows the starting reaction solution (marked a), CSD
product in the solutions without (marked b) and with
ethanol addition (R=1, marked c) after 48 h reaction. It
is obvious that the production yield of CSD without the
ethanol is negligible and the solution is nearly as transparent
as the starting solution. Actually, it has been experimentally
proven that even after a prolonged duration (72 h) the yield
of CSD product in the water solution was still extremely low
that the powder was hard to be collected for the further
dehydration reaction to synthesize CSH crystal. However,
the addition of ethanol in the reaction solution largely
accelerated the reaction process and the productivity of
CSD product was almost 100%.

The crystal morphology and size distribution of CSD
were analyzed by SEM (see Fig. 2). It can be seen that the
typical crystal morphology of CSD produced when R is 1:3
is plate-like (Fig. 2a) that is much similar to that produced
in the water solution without ethanol (shown in the inserted
image in Fig. 2a). When R reaches 2:3 and 1:1, rod and
thick plate-like crystals with reduced dimension could be
obtained, as shown in Fig. 2b and c. At the highest R of 4:3
in current experiment, most of CSD crystals are typically
short rod-like and had an average aspect ratio of 4 (Fig. 2d).
Obviously, the addition of ethanol was very effective to
modify the dimensions of CSD crystals.

3.2. Influence of ethanol concentration on the preparation of
calcium sulfate hemihydrate (CSH)

The XRD results of the as-prepared CSH powders are
shown in Fig. 3. It confirms that the CSD precursors had

Indexation results of the X-ray diffraction patterns of the CSD synthesized at various ethanol/water volume ratios.

Ethanol/water volume ratios 0 (deg.) d (A) Lattice parameters (A)/(deg.)

020 -121 031 —141 020 —121 031 —141 a b ¢ B
1:3 5.831 10.375 11.703 14.567  7.582  4.278 3.798  3.063 5.672 15.164 6.540 118.3
2:3 5.863 10414 11.733 14599  7.542 4262 3.788  3.056 5.670 15.083 6.525 118.3
1:1 5.865 10.426 11.743 14.609  7.539  4.257 3.785  3.054 5.658 15.078 6.517 118.3
4:3 5.883 10.438 11.764 14.630  7.516  4.252 3.778  3.050 5.655 15.032 6.515 118.3
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Fig. 2. Scanning electron microscopy images of the calcium sulfate dehydrate (CSD) synthesized at ethanol/water ratios (R, v/v) of (a) 1:3; (b) 2:3; (c) 1:1
and (d) 4:3. The inset in (a) shows the morphology of CSD produced in water solution. The scale bars are 4 pm.
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Fig. 3. X-ray diffraction patterns of the calcium sulfate hemihydrates
(CSH) prepared from calcium sulfate hydrate (CSD) synthesized at
ethanol/water ratios (R, v/v) of (a) 1:3; (b) 2:3; (c) 1:1 and (d) 4:3.

been completely converted into CSH phase (JCPDS card
81-1848) with a hexagonal crystal structure.

SEM images of the as-prepared CSH crystals are shown in
Fig. 4a—d. The length distributions of the CSH crystals are
also plotted in the inserted histogram graphs. It can be seen
that the CSH grains were typical hexagonal prism. As R
increased from 1:3 to 4:3, the dimensions of resultant CSH
crystals were significantly reduced. The mean length and
width of the CSH crystals decrease from 52 + 11.3 um to

174+ 3.4 um and from 13+2.5um to 8+ 1.6 um, respec-
tively. Correspondingly, the average aspect ratio decreases
from 4.0 to 2.1. Meanwhile, hexagonal prism crystals became
more homogeneous with a higher crystallinity. At R=4:3, the
obtained CSH crystals have a fine and uniform morphology
as shown in Fig.4d. Table 3 summarizes the statistic dimen-
sions of CSH crystals according to the SEM analysis. It is
obvious that ethanol was an effective reagent for controlling
the morphology and the size distribution of CSH crystals.

3.3. In vitro biocompatibility of the as-prepared calcium
sulfate hemihydrate

In order to fully evaluate the in vitro biocompatibility of
the as-prepared CSH products, CSH powders derived from
the CSD synthesized at R=1:3 and 4:3 were selected. The
OD values detected from the CCK-8 assay provide an
indication of cell growth and proliferation in the extracts
of CSH powders. As shown in Fig. 5, the proliferation of
L929 cells in CSH extracts showed the same level as that in
blank control sample regardless of the extract concentration
and the culture period (1, 3, 5 days in current experiment).
Meanwhile, the CSH product derived from CSD precursor
prepared at high R value shows much better biocompat-
ibility than that derived from CSD precursor prepared at
low R value. It was indicated that the obtained CSH
powders did not display significant cytotoxicity against cells.
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Fig. 4. Scanning electron microscopy images of the calcium sulfate hemihydrate (CSH) derived from calcium sulfate hydrate (CSD) synthesized at
ethanol/water ratios (R, v/v) of (a) 1:3; (b) 2:3; (c) 1:1 and (d) 4:3. The scale bars are 10 pm.

Table 3
Dimensions of the CSH prepared from CSD synthesized at various
ethanol/water volume ratios.

Ethanol/water volume ratios 1:3 2:3 1:1 4:3
Length (pum) 52+11.3 28452 21+29 17434
Width (um) 13+2.5 10+1.6 9+1.3 8+ 1.6
Aspect ratio 4 2.8 2.3 2.1

4. Discussion

4.1. Influence of ethanol additive on the thermodynamic of
calcium sulfate dihydrate (CSD)

The acceleration of the precipitation of CSD by adding
ethanol could be explained in terms of kinetics of the
precipitation reaction, including the nucleation and crystal
growth rate, the supersaturation condition and the solvent
(ethanol) in the solution.

A liquid-solid equilibrium between Ca®™, SO3~ ions
and the CaSOy-2H,0 solid phase took place during the
CSD precipitation, i.e.

Ca** + 505" +2H,0(Precusor) = CaS0Oy-2H,0(CSD)
0]
Thus, the supersaturation (S) could be expressed by:

K,
S=— P
OCCa2+ asoi— aHzO

2

where K, is the thermodynamic equilibrium constant of
CSD, which is only a function of temperature.c;; is the
activity of the corresponding species. Because K, is a
constant at the defined experimental temperature, it can
be seen that the supersaturation S during CSD precipitation
is determined by the water activity (xp,0). It has been
proven that ethanol in an aqueous solution decreased the
ar,0[32,33]. Therefore, the increase of ethanol concentra-
tion will result in a higher supersaturation in solution, which
accelerates the nucleation kinetics of reaction. The high
supersaturation induced by the increasing ethanol concen-
tration could also provide a high drive force for the
incorporation of Ca?* and SO3F~ ions into CSD crystal
lattice, which will promote the following crystal growth.

It can be seen from the previous section that both shapes
and sizes of synthesized CSD particles changed upon the
addition of ethanol. Such facts imply that the addition of
ethanol resulted in not only a fast precipitation of the CSD
particles but also a uniform morphology. It demonstrates
that the ethanol acted as an effective surfactant to prepare
CSD particles, which is in good agreement with the results of
different materials [34,35]. The addition of ethanol changes
the chemical properties of the solvent in the supersaturation
of CSD, such as the dielectric constant of the medium, ion
inter-attraction and the solute—solvent interaction as a result
of the solubility difference, which could have significant effect
on the crystal formation and growth [36].

Moreover, ethanol can modify the surface energies of
specific crystal planes. It is well known that Ca®t is
coordinated by six sulfate oxygen atoms and two water
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Fig. 5. Cell proliferation in the presence of the dissolution extracts of
calcium sulfate hemihydrate (CSH) derived from calcium sulfate hydrate
(CSD) synthesized at the ethanol/water ratios (R, v/v) of 1:3 and 4:3 for
different periods. (a) 1 day, (b) 3 days, (c) 5 days.

molecules along the c-axis in CSD, as depicted in Fig. 6a. At
different directions of the crystal axis, the differences in
bond types and bond energies between Ca’* and SO3* ions

result in different growth rates of crystal planes. Fig. 6b
demonstrates a typical monoclinic CSD crystal showing the
habit crystal planes. Crystal growth rates of the crystal
planes along three directions are ordered as follows:
{111} > {110} > {010}. {111} planes are occupied by Ca**
while {110} planes are composed of Ca>* and SO3" ions.
Without ethanol addition, the crystal grows faster along the
¢ axis than along a and b axes, and {111} planes having high
surface energy tend to disappear, therefore the final CSD
shows the plate-like crystals. After adding ethanol, ethanol
tends to selectively adsorb on the CSD grain surface by
substituting of the water molecules. Such calcium—cthanol
interactions are shown schematically in Fig. 6c and d. The
OH group of the ethanol absorbed on the surface of the
CSD crystal may form a bond with Ca®>* at {111} planes,
which decreases the surface energy and thus balances the
growth rates along different planes during crystallization. It
is obvious that the morphology of ethanol-modified CSD
particles gradually transform from needle-like to final rod-
like in contrast with plate-like shape of pristine CSD
crystals (Fig. 2), indicating that the surface energy at basal
plane and prismatic planes becomes indistinguishable.

4.2. Influence of ethanol additive on the morphology and size
distribution of calcium sulfate hemihydrate (CSH) powders

The transition from CSD precursor to final CSH is
reported to be two-step process: dissolution of CSD
precursor and re-precipitation or recrystallization of CSH
phase [38]. As discussed above, the ethanol adsorbed on
CSD surface can inhibit the crystal growth along [111] and
[110] directions. As a result, the surface area of polar plane
{111} becomes comparable to that of prismatic planes such
as {110} and {010}. It can be deduced that Ca’>* and
SO; ™ ions concentrations variation during dissolution of
CSD is highly dependent on the crystal planes. Since {111}
planes are intrinsically in a high energy state, the release
rate of Ca’>t and SO3T ions will be accelerated in the
ethanol-modified rod-like CSD precursor (ethanol bonding
on the surface that proposed in the formation of CSD crystal
will be eliminated soon in the salt solution). Thus, high
concentration of ions (especially SO ion) locally promotes
the nucleation of CSH crystal, and consequently the increase
of density of nuclei promotes the formation of equiaxed
crystals. Therefore, the short rod-like CSH grains were
obtained, instead of the common needle or fiber-like shapes.

The morphology control of CSH crystal is important to
determine the following self-setting and compressive strength of
CSD cement when it is mixed with water as bone cement.
Wang et al. reported that through treating in the CaCl, solution
of various concentrations, the CSH morphology can be
modified from long-and-slim hexagonal rods with an aspect
ratio of 5.5 to fat-and-short hexagonal columns with an aspect
ratio of 1.4, and the low aspect ratio sample showed a much
higher compressive strength (37 MPa) [13]. The self-setting
behavior of CSH makes it one of the candidate bone cements
for bone augmentation. The hydration of hemihydrate does not
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Fig. 6. (a) View of a calcium sulfate hydrate (CSD) crystal along the c-axis, showing the calcium-coordinated water molecules; (b) Schematic drawing of a
monoclinic calcium sulfate hydrate (CSD) crystal; (c), (d) Possible interactions of ethanol with the calcium sulfate hydrate (CSD) surface. Color codes:

calcium: blue, sulfate: yellow, oxygen: red, hydrogen: pink.

only depend on intrinsic crystal property but also related to the
crystallization habit at different crystal planes [39-41]. Lewry
et al. have revealed that the setting behavior of CSH was closely
related to the shape and size of the CSH crystals [39]. CSH with
a lower aspect would provide more nucleation sites for the
crystallization of gypsum. The fast setting behavior of CSH due
to its modified crystallographic microstructures, equiaxial
microstructure is preferred for the dissolution of CSH and
accelerated crystallization of CSD phase. The ethanol addition
in the current study to prepare CSD precursor also played the
role to shorten the aspect ratio of CSH crystal as indicated in
Table 3, and it would also influence the compressive strength of
bone cement after hydration (to form CSD bulk). The more
detail evaluation of mechanical property is undergoing and will
be reported elsewhere.

5. Conclusions

In this study, we developed a new methodology to
prepare CSD and CSH powders with well controllable
morphologies and particle size distribution by using
ethanol as the modifying reagent. The addition of ethanol
led to a fast precipitation and high yield of CSD. The
resulted CSD and CSH have a smaller particle size and
more homogeneous distribution of grains with a short-rod
shape. It is believed that ethanol can decrease the water
activity in the reaction and lead to a larger supersaturation
of ions in the solution during the CSD precipitation
process. The selective adsorption of the ethanol molecules
on the specific crystal surface of CSD resulted in the crystal
with rod-like shape and small length/width aspect ratio.
The resultant CSD product enabled the synthesis of fine
CSH crystal with equal-axial morphology. In the biocom-
patibility experiment, no major deleterious or cytotoxic
responses were observed in as-prepared CSH. Such CSH
powders were expected to have better flow ability and self-
setting behavior for surgical applications.
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