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ABSTRACT

Ideal inorganic bone cement used for bone repair should have high strength,
and the speed of degradation should match the formation rate of new bone
tissue. Magnesium oxychloride cement has excellent mechanical properties and
non-toxicity to bone marrow stromal cells; however, its application has been
hindered by its poor water resistance. In this study, the high-degradation
material chitosan (CS) was added to magnesium oxychloride cement (MOC).
The compressive strength, mass loss, ion release, and pH value of the composite
MOC were analyzed and scanning electron microscopy, energy dispersive
spectroscopy, X-ray diffraction, and Fourier transform infrared spectroscopy
were conducted. The compressive strength was 45.4 &+ 5.3 MPa in cements with
0.5-wt% CS and 2-wt% KH,PO, soaked in SBF for 28 d, and the degradation rate
reached 12.67 & 0.5%. SEM observations showed good apatite formation of the
surfaces of the MOC with 2-wt% KH,PO, and with 0.5-wt% CS and 2-wt%
KH,PO;. The results indicate that the modified MOC possesses good mechan-
ical properties, degradation rate and biological properties. Therefore, it is a
promising material for degradable bone filling.
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by bone transplantation [2]. Currently, autogenous
bone grafts and allograft bone transplantation are
widely clinically used. Restorative treatment is also

Introduction

Affording unique and important functions, bone is
the largest tissue in the human body. Due to illnesses,
accidents or aging, millions of people suffer from
bone defects [1]. Bone defect repair has always been a
big challenge by surgeons and usually is carried out
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used, where the autogenous bone is removed. Con-
sequently, the accepted sites result in pain, inflam-
mation and other side effects. Moreover, allograft
bone transplantation always results in immune
rejection, viral infections, and slow healing rates.
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Furthermore, the collection and restoration are costly
and difficult [3]. Thus, the application of artificial
bone replacement material is becoming a new treat-
ment. Medical bone cements have many advantages,
such as being simple to use and having arbitrary
plasticity and self-curing. These can be used for
shaping and repair, and thus, they have excellent
potential application value [4, 5].

Magnesium oxychloride cement (MOC) is a
cementation material made by mixing magnesium
oxide (MgO) powder with a magnesium chloride
(MgCl,-6H,0) solution [6], which has the advantages
of fast solidification and a high early strength [7].
However, its main hydration products, 3Mg(OH),.
MgCl,-8H,O(phase 3) and 5Mg(OH),-MgCl,-8H,.
O(phase 5), have poor water resistance and are easily
decomposed in humid environment [8, 9], resulting
in a sharp decline in the compressive strength, which
limits the application of MOC in engineering appli-
cations [10]. Studies have shown that admixtures,
such as phosphoric acid and phosphate, iron salt,
copper salt, aluminum salt, organic acids, and poly-
mers, can effectively improve the water resistance of
MOC [10-12]. Among these admixtures, the ionized
H,PO,~, HPO,>™ and PO,>~ produced by phosphoric
acid and soluble phosphate in a MOC slurry can
reduce the minimum concentration of Mg>" in solu-
tion required for the formation of the phase 5 or 3
hydration products of MOC and increase the stability
of these phases in water, thereby significantly
improving the water resistance of MOC [9, 10].

The main elements in MOC, Mg2+ and CI-, are
essential ions for the human body: Mg?* is involved
in bone mineral metabolism [13, 14], crystallization
and bone formation [15], and CI™ can help maintain
the acid—base balance in blood [16]. Therefore, the use
of MOC as a medical bone cement with high strength
and gradual degradation after modification is pro-
posed in this paper. Previous reports [17] had also
shown that MOC is non-cytotoxic and can be used as
a biomedical material.

Chitosan (CS) is a product of removing N-acetyl
chitin, also known as acetyl chitin which can be
degraded by enzymes in the body, widely used in the
field of tissue engineering [18-20]. CS is insoluble in
water and most organic solvents, and it is only sol-
uble in dilute acids, such as dilute acetic acid [21, 22].
Therefore, adding a CS acid solution to the hydration
system of MOC will improve its hydration reaction
speed. After the reaction, the system will be in a

neutral or slightly alkaline environment, at which
point CS will precipitate and cover the surface of the
hydration products, blocking their contact with water
and improving their water resistance.

In this study, potassium dihydrogen phosphate
(KH,PO,, referred to as PDP) [23] and CS were used
as additives to modify MOC. By adjusting the content
of KH,PO, and CS, modified MOC with an opti-
mized performance was obtained, and the strength,
hardening mechanism, degradation, biological activ-
ity, and other properties related to the potential
clinical applications of MOC were studied.

Materials and methods
Materials

Active magnesium oxide (MgO) was obtained as
follows. Magnesium hydroxide (Mg(OH),, analyti-
cally pure, GUANGFU Fine Chemical Industry
Research Institute, Tianjin, China) was heated at
700 °C for 3 h in a high-temperature furnace, after
which it was removed, rapidly cooled, and ground
for later use.

Analytically pure magnesium chloride (MgCl,
6H,0) was obtained from Tianjin Kemiou Chemical
Reagent Co., Ltd. Analytically pure PDP (KH,PO,4)
(content > 99.5 wt%) was obtained from the Tianjin
Hongyan Reagent Factory. CS with a degree of
deacetylation > 95 wt% and a viscosity of
100-200 mPa s was obtained from Shanghai Aladdin
Bio-Chem Technology Co., Ltd., China. Analytically
pure acetic acid (CH3COOH content > 99.5%) was
obtained from the Tianjin Fengchuan Chemical
Reagent Co., Ltd.

Preparation of modified MOC

The referenced mixture ratio was
nMgO):n(MgCly):n(H,O) = 13:1:12, and 2 wt% PDP
was added. This was mixed with the CS powder at
specified mass fraction (0.25, 0.5, 0.75, and 1.0) and
the specific proportion is shown in Table 1.

The modified MOC preparation process was as
follows. Each raw material (CS, MgCl,, PDP, and
MgO) was weighed according to a specified propor-
tion. A 5% acetic acid solution in water was prepared.
The CS was dissolved in the 5% acetic acid solution to
obtain a CS solution. MgCl, was sequentially
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Table 1 Detailed mixture

proportions of CS/2-wt% PDP (%) n(Mg0):n(MgCl,):n(H,0) CS (wt%) Liquid phase (aq)

PDP-MOC MOC-1 2.0 13:1:12 0 5%CH3;COOH
MOC-2 2.0 13:1:12 0.25 5%CH3;COOH
MOC-3 2.0 13:1:12 0.50 5%CH;COOH
MOC-4 2.0 13:1:12 0.75 5%CH3;COOH
MOC-5 2.0 13:1:12 1.00 5%CH;COOH

PDP is an abbreviation of KH,PO,

dissolved in the CS solution and mixed uniformly to
obtain a mixed solution B. Finally, MgO powder was
added to the B solution and stirred evenly. The mixed
material was then filled into cubic molds (10 mm x
10 mm x 10 mm) and cylindrical molds
(@10 mm x 2 mm). After curing in the air
(20 £ 5 °C, humidity 60 £ 5%) for 24 h, the samples
were removed from the molds to obtain CS/2-wt%
PDP-MOC samples for subsequent characterization.

Characterization methods
Compressive strength

The modified MOC samples (dimensions of
10 mm x 10 mm x 10 mm, six samples in each
group) were polished and tested by general testing
machine (CMT-20, Jinan Liangong Testing Technol-
ogy Co., Ltd.) to measure compressive strength.
Another set of samples (six samples per group) was
placed in a polyethylene tube and immersed in sim-
ulated body fluid (SBF, prepared from references
[24]). The volume ratio of the sample to the soaking
solution was 1:10. The polyethylene tube was stored
in a constant temperature oscillating water bath
(37.5 °C, oscillation frequency: 72 rpm). The solution
was refreshed every 3 d. The samples were removed
from the SBF after 3, 7, 14, 21, and 28 d and washed
with distilled water three times. The universal testing
machine was used to test the soaking sample com-
pressive strengths, and the crosshead speed was set

at 0.5 mm min~..

Mass loss rate

The demolded modified MOC (10 mm x 2 mm)
samples were washed with absolute ethanol, dried in
an oven at 60 °C for 5 h, and weighed. This weight
was recorded as My. The sample was then set in a
polyethylene tube, and the ratio of the SBF solution to
the cylindrical sample surface (J10 mm x 2 mm)
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was 10 mL/cm? The solution was refreshed every 3
d.

After immersion for 3, 7, 14, 21, and 28 d, the
sample (J10 mm x 2 mm) was removed and dried.
The sample was then weighed, and the weight was
recorded as M. The mass loss rate of the sample (ML)
was calculated as follows: ML = (M, — M)/
My x 100%.

The change of pH value

A set of samples (10 mm x 2 mm) were soaked in
SBF for 24, 48, 72, 96, 120, 144, and 168 h, and the SBF
solution was replaced after each 24 h. The pH
instrument (PHS-3C, Shanghai Jason, Instrument,
China) was used to test the pH value.

In vitro ion concentration

The CS/2-wt% PDP-MOC cement samples were
immersed in SBF (Vyoc:Vspr = 1:20) without replac-
ing the SBF solution. After soaking in SBF for 1, 2, 3, 5
and 7 d, the samples were removed from the solution
and the concentrations of Ca®**, Mg®* and ClI™ in the
SBF solution were tested by an Automatic Potentio-
metric Titrator (T960 Potentiometric Titrator, Calcium
Composite Electrode, Silver Composite Electrode,
Shandong Haineng Instrument, China).

Surface crystal structure and morphology test

After the specified period, the samples were removed
from the SBF, washed with distilled water, dried, and
analyzed by infrared spectroscopy (Fourier transform
infrared spectrometer, PerkinElmer, USA) to analyze
the surface group compositions. The crystal phase
structure of the surface layer was determined using a
rotating target X-ray powder polycrystal diffrac-
tometer (Rigaku, Japan; operating conditions: 9 kW,
CuKo radiation source, 4 = 0.154 nm, scanning range
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10°-80°). The morphological features of the cements
before and after immersion in SBF were examined
using field-emission scanning electron microscopy
(FE-SEM, JSM-6390LV, JEOL, Japan). The samples
were sputter-coated with gold prior to examination.

Results
Mechanical property

Figure 1 shows the compressive strength of com-
posite modified MOC (37.5 °C, humidity 60%, and
hardening 24 h) samples after immersion in SBF for 3,
7, 14, 21, and 28 d. The results indicated that the
compressive strength of the cement decreased with
the increasing amount of CS. The cements with
0.5 wt% CS may have reached the maximum value.
When immersed in SBF, the strength of the cement
decreased slowly as a function of immersion time.
Furthermore, the strength of the cement with 0.5 wt%
CS was the highest of all the groups of every
immersion time, and the strength after 28 d was
454 + 5.3 MPa.

In vitro degradation of MOC

The mass loss rates of the cements with different CS
contents are shown in Fig. 2. As shown in Fig. 2, the
mass loss rate of the cement increased more gradu-
ally with longer immersion times and the increase in
the CS content. A rapid increase in the first 7 days
was followed by a much slow increase. The mass loss
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Figure 1 Compressive strength of CS/2-wt% PDP-MOC in SBF
(37.5 °C) after immersion times.
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Figure 2 Mass loss rate of CS/2-wt% PDP-MOC after soaking in
SBF (37.5 °C).

rate of the 1.0-wt% CS/2-wt% PDP-MOC reached
11.3 & 0.6%, while those of the 0.5-wt% CS/2-wt%
PDP-MOC and 2-wt% PDP-MOC reached only
10.1 £ 0.5% and 7.8 £ 0.5%, respectively, after being
immersed for 14 d. After immersion in SBF for 28 d,
the mass loss of the 0.5-wt% CS/2-wt% PDP-MOC
reached 12.7 + 0.5%. These results implied that the
doping of CS improved the degradability of the
composite cements. The samples tended to com-
pletely degrade, which may be beneficial for the
repair of human bones.

The pH value change from the SBF solutions after
immersion in the cements for different times are
shown in Fig. 3. The pH value increased from the
starting value of 7.2 to 9.6-10.3 within 24 h. With the
extension of the soaking time, the pH value of the
MOC was maintained between 8.7 and 9.0. The pH
value of the cement decreased more gradually with
the increase in the CS content, indicating that the
addition of CS may prevent the hydrolysis of MgO
and phase 5 to a certain extent.

Figure 4 shows the changes in the ion concentra-
tions of SBF after the immersion of the CS/2% PDP-
MOC for different times. The Mg>* and Cl~ ion
concentrations continued to increase, while the Ca2*
ion concentrations decreased with time and with the
increase in the CS content. These results are consis-
tent with the mass loss rate results shown in Fig. 2.
The release of Ca>" ions was found to be higher for
the 2-wt% PDP-MOC, followed by that for the CS/2-
wt% PDP-MOC. Ca”" ions in the solution deposited
to form apatite on the material surfaces.
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Figure 3 pH change of CS/2-
wt% PDP-MOC after different
soaking times.
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Figure 4 Changes in Ca>*, Mg®", and CI™ concentrations (mol/L) in SBF solution: a Ca®*, b Mg?*, and ¢ CI™.

Figure 5a, b shows XRD patterns of the 2-wt%
PDP-MOC and the 0.5-wt% CS/2-wt% PDP-MOC,
respectively, after soaking in SBF for 3, 7, 14, and 28
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d. Due to the larger molar ratio of active MgO/MgCl,
(equal to 13), the main crystal phases of MOC were
MgO and phase 5. After immersion in SBF, a new
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Figure 5 XRD patterns of MOC powders in air (20 = 5 °C, 60 £ 5% relative humidity) for 1 d and SBF solution for different times: a 2-

wt% PDP-MOC and b 0.5-wt% CS/2-wt% PDP-MOC.

phase Mg(OH), formed. With increasing immersion
time, the phase 5 and MgO contents decreased and
the Mg(OH), content increased.

In vitro bioactivity of MOC

The FTIR spectra of the sample surface of the MOC
immersed in the SBF solution for different times are
shown in Fig. 6. After immersion in SBF, the spectra
of the cement showed major peaks associated with
HA, such as the peak at ~ 1034 cm™' corresponding
to the PO, v3 resonance and the peak
at ~ 565 cm™' corresponding to the PO,>~ v4 reso-
nance [1, 25, 26]. These two peaks became more
intense with longer immersion times, and the peak
intensity of PO,>~ of the 0.5-wt% CS/2-wt% PDP-
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MOC is significantly higher than that of 2-wt% PDP-
MOC. Peaks corresponding to the CO5>~ v3 vibra-
tions at ~ 1430 cm™' were present in the spectra for
the samples after immersion, revealing the formation
of a carbonate-substituted HA product [27]. The for-
mation of carbonate-substituted HA presumably
resulted from the presence of dissolved CO, in the
SBF.

Figure 7a, b shows the XRD patterns of the surface
of the 2-wt% PDP-MOC and the 0.5-wt% CS/2-wt%
PDP-MOC, respectively, after immersion in SBF for 3,
7, 14, and 28 d. XRD showed that the main crystal
phases on the surface of the modified MOC after
soaking in SBF were unreacted MgO and phase 5.
There were some differences between the unsoaked
and soaked samples. With the increase in the soaking
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Figure 6 FTIR spectra of the surfaces of the modified MOC samples that were immersed in air (20 £ 5 °C, 60 & 5% relative humidity)
for 1 d and SBF after different periods: a 2-wt% PDP-MOC and b 0.5-wt% CS/2-wt% PDP-MOC.
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Figure 7 XRD pattern of the surfaces of the MOC samples in the air (20 £ 5 °C, 60 £ 5% relative humidity) for 1 d and SBF after
different periods: a;, a; 2-wt% PDP-MOC and b4, b, 0.5-wt% CS/2-wt% PDP-MOC.

time, the peaks of the phase 5 and MgO became
weaker, and diffraction peaks of HA began to appear.

SEM images of the surface of the cement with
2-wt% PDP and 0.5-wt% CS/2-wt% PDP as-prepared
and after immersion in SBF solution for 3, 7, 14, and
28 d are shown in Fig. 8. The as-prepared cements
with 2-wt% PDP showed a rough surface with many
slender needle-like structures (Fig. 8ay), while the
cements with 0.5-wt% CS/2-wt% PDP were covered
with columns and spherical particles (Fig. 8a;). After
immersion in the SBF solution for 3 and 7 d, the
acicular structure on the surface of 2-wt% PDP-MOC
disappeared, and more pores were visible (Fig. 8a,
ap). The surface structure was loose, and many cracks
appeared (Fig. 8a) in the sample immersed in the
SBF solution for 14 d. The surface of the 0.5-wt% CS/
2-wt% PDP-MOC formed plate-like Mg(OH), after 3
d (Fig. 8by), and spheres appeared on the surface
(Fig. 8by) for 7 d.
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The presence of 0.5-wt% CS resulted in smaller
voids compared to the cements without CS. Fur-
thermore, the structures of the cements with 0.5-wt%
CS/2-wt% PDP were denser, which could improve
the cement strength and water resistance. In addition,
there were spheroids on both surfaces when
immersed for 28 d. A uniform distribution of Mg
along with other elements, such as Ca, P and O, in the
cement sample was confirmed by the EDS mapping,
and it can be inferred that the spheroids were HA.

Discussion

The mechanical properties, especially the compres-
sive strength and elastic modulus, are key factors to
determine whether bone materials can be applied in
the human body [28]. The compressive strength of
human cancellous bone is approximately 2-45 MPa,
and the compressive strength of cortical bone is
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Figure 8 SEM images of the
cements with a 2-wt% PDP
and b 0.5-wt% CS/2-wt%
PDP: ag, by as-prepared and
aj—ay, by—by after immersion
in SBF.
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approximately = 90-230 MPa. The compressive
strength of inorganic bone cement for clinical appli-
cation is generally between those of cancellous and
cortical bone [26-29]. Figure 1 shows the compressive
strength of the CS/2-wt% PDP-MOC. The compres-
sive strength of the 0.5-wt% CS/2-wt% PDP-MOC
was approximately 454 + 53 MPa after being
soaked in SBF for 28 d, and the strength met the
requirements of bone cement. The main reason for
the degradation of MOC’s mechanical properties in
aqueous solution is the instability of its main crys-
talline phase (phase 5) in water, which is easily ero-
ded by water to reduce its strength [30, 31].
Meanwhile, the initial unreacted MgO reacts with
water to form Mg(OH),, which will also destroy the
structure of the MOC. From the XRD results shown in
Fig. 8, the characteristic peaks of Mg(OH), were
generated with longer water immersion, and the
contents of phase 5 and MgO gradually decreased.
The hydrolysis of phase 5 and the reaction between
MgO and H" can be described by the following
reaction equation [10, 32].

MgO + 2H" (aq) — Mg**(aq) + H,O (1)
5Mg(OH), - MgCl, - 820 — 5Mg(OH), + MgCl,
+8H,0
(2)

MOC is a low alkalinity cement in which the main
hydration product (phase 5) exists stably in a pH
range of 9-10.37 [6, 33]. The pH value of MOC is
mainly determined by Mg(OH),. When MgO is
mixed with a MgCl, solution, the compound
Mg(OH), will form. In the early stage of hydration,
MgO reacts with H* to form Mg(OH), in the high-
concentration MgCl, solution (where the H;O/MgCl,
molar ratio is less than 20, and the density is greater
than 1.16 g/ cm® [34]. In addition, the phase 5
decomposition of the MOC surface to form Mg(OH),
will also cause a rapid rise in the pH value. Figure 3
shows that the pH value of the MOC with CS was
slightly lower than the pH of the MOC without the
CS, which could be attributed to the CS having
weakly basic -NH, groups [27]. This reduced the pH
inside the MOC system to some extent. After 2 d of
immersion, the pH value was maintained at
8.25-8.75. This result indicated that the rapid decline
of the pH value did not continue but remained within
a small range. In fact, SBF is not a buffer system. If
this material was used as an implant, initial contact
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with liquid buffering connective tissue might help to
significantly reduce the initial pH value [35]. There-
fore, the pH value in Fig. 3 will not have a significant
impact on the human body. It was reported that an
alkaline environment is favorable for the formation of
apatite [36]. The nucleation rate of hydroxyapatite
crystals is faster at a pH of 9 than at a pH of 7 [37].
This could also explain why the concentration of
Ca*" after 2-wt% PDP-MOC immersion was lower
than that of the 0.5-wt% CS/2-wt% PDP-MOC
immersion (Fig. 4).

In general, the ionic changes produce pH value
variations in physiological conditions [38]. In the
MOC slurry, PDP is decomposed into various phos-
phate anions, such as H,PO,~, HPO,%>~, PO,>~, and
H". Meanwhile, these phosphate anions may be
combined with certain ions and aggregate near MgO
particles, forming some colloidal materials in situ,
which inhibits the early reaction of MgO and pro-
longs the induction period, delays the speed of sub-
sequent MgO reactions. The presence of phosphate
anions significantly reduced the solubility of phase 5
and improved the stability of phase 5 in water [34].
When 2-wt% PDP/0.5-wt% CS was added, the SEM
image in Fig. 9 shows that the surface structure of the
MOC was compact after soaking, which should have
been related to the sol-gel transition as the pH value
of the CS solution increased above ~ 6.5 [26]. In
addition, CS is insoluble in water, and it will pre-
cipitate in an alkaline environment, from a polymer
film on the surface of the cement, hinder contact with
the water, and improve the stability of the cement.

The ability of biomaterials to form chemical bonds
with living bone tissue is related to the apatite min-
eralization rate [39]. In general, the biological activi-
ties of biomaterials can be evaluated by soaking in an
in vitro SBF solution through the formation of bone-
like apatite layers on the surface [40, 41].

If spherical HA is formed after the material is
soaked in a simulated body fluid, the Ca®* concen-
tration of the SBF solution will decrease. This is
confirmed by the Ca*" concentration change in Fig. 4
and the formation of HA in Fig. 8. After CS was
added, the concentration of Mg” and Cl™ in the
solution increased after the MOC was soaked in SBF,
indicating that the addition of CS was beneficial to
the degradation of MOC. Degradation of bone
cement can form a new bone growth space in the
body, but the excessively fast degradation rate does
not match the growth rate of new bone [28]; how to
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Figure 9 The precipitation
process of apatite on MOC.

adjust the degradation of materials to match the rate
of new bone formation is an important science
question [42].

As shown in Fig. 7, the characteristic peaks of
apatite appeared in the XRD patterns of the 2-wt%
PDP-MOC and 0.5-wt% CS/2-wt% PDP-MOC, indi-
cating that apatite formed on the cement surface,
which confirmed the biological activity of the mate-
rial. CS has excellent metal-binding capabilities [26].
The amine groups in the CS molecules were respon-
sible for the uptake of metal cations (M"") by chela-
tion [43]. Metal ions, acting as the acid, constituted
acceptors of electron pairs donated by chitosan, act-
ing as the base [44]. This facilitated precipitation of
apatite on the cement surface [26, 44]. The precipita-
tion process of apatite on MOC is shown in Fig. 9.
The dissolution of MOC occurred in the SBF initially,
and rapid ion exchange occurred between the M"*
ions from the SBF and the Mg”" ions from the MOC
surface. Because the MgO content in the MOC was
excessive, Mg2+ dissolved from the surface of the
MOC could be quickly dissolved into SBF; Mg** has
also been shown to facilitate the formation of
metastable calcium phosphate salts and control apa-
tite formation [16]. Mg*" acted as nucleation centers.
In addition, the phases 5 on the MOC decomposed
into Mg”, CI7, and OH™, which caused an increase
in the solution pH value, and the CS dissolved in the
MOC underwent a sol-gel reaction and precipitated
out of the MOC. With increased immersion time in
SBF, Ca**, Mg, PO,”", and CO5>" in the SBF were

Interfacial

5Mg(OH)," MgCl,-8H,0 ! !

o O

deposited on the MOC surface in large quantities,
and apatite gradually formed.

Conclusion

In this study, the effect of CS and PDP on the prop-
erties of MOC was investigated. The findings
obtained from this study are summarized as follows:

1. When the MOC with 0.5-wt% CS/2-wt% PDP
was soaked in SBF for 28 d, the strength reached
45.4 + 5.3 MPa, and the mass loss rate increased
slowly from 7.20 £ 0.4% at 14 d to 12.67 £ 0.5%
at 28 d.

2. The addition of CS decreased the pH value of the

MOC system to a certain extent, and the addition
of 0.5-wt% CS/2-wt% PDP could make the
structure of surface of the MOC denser and
improve the stability of the cement.

3. Hydroxyapatite appeared on the surface of the

modified MOC, indicating that the MOC had a
certain biological activity.

In summary, modified MOC with high mechanical
and appropriate degradation rate and biological
properties would potentially be a promising choice
for degradable bone filling materials.
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