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Abstract: Despite the potential of acrylic bone cement (ABC) loaded with chitosan (CS) for orthopedic
applications, there are only a few in vitro studies of this composite with CS loading ≤ 15 wt.%
evaluated in bioactivity tests in simulated body fluid (SBF) for duration > 30 days. The purpose
of the present work was to address this shortcoming of the literature. In addition to bioactivity,
a wide range of cement properties were determined for composites with CS loading ranging from
0 to 20 wt.%. These properties included maximum exotherm temperature (Tmax), setting time (tset),
water contact angle, residual monomer content, flexural strength, bending modulus, glass transition
temperature, and water uptake. For cement with CS loading ≥ 15 wt.%, there was an increase in
bioactivity, increase in biocompatibility, decrease in Tmax, increase in tset, all of which are desirable
trends, but increase in residual monomer content and decrease in each of the mechanical properties,
with each of these trends, were undesirable. Thus, a composite with CS loading of 15 wt.% should be
further characterized to explore its suitability for use in low-weight-bearing applications, such as
bone void filler and balloon kyphoplasty.
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1. Introduction

For years, acrylic bone cement (ABC) has played a pivotal role in orthopedic surgery. ABC is used
to anchor total joint replacements (TJRs), remodel areas, and in the stabilization and augmentation of
osteoporosis-induced vertebral body fractures (vertebroplasty and balloon kyphoplasty) [1]. ABC is
biocompatible, and, in a TJR, it provides fast fixation between the bone and the implant. However, ABC
has some disadvantages, such as a high maximum exothermic temperature (Tmax) [2], a lack of
bioactivity [3–5], and monomer toxicity [6].

Bioactive materials are those that can stimulate a biological response in their environment.
These are classified into three groups: Osteoconductive are materials that stimulate bone growth on
the surface; osseointegration are materials that can stimulate the growth of new bone, forming a stable
anchorage with the bone, and osteoinductive substances can induce bone formation in parts where the
bone does not naturally grow [7,8].

Natural polymers attract attention for use in biomaterials because they possess significant similarity
to biological structures, so they are readily accepted by the tissue environment and, therefore, quickly
metabolized, obtaining non-toxic by-products easy to eliminate [9].
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Chitosan (CS) is a copolymer of glucosamine and N-acetylglucosamine deacetylated derived from
chitin [9], the second most abundant natural polysaccharide on earth (found in the shells of crabs,
shrimps, and insects, for example) [7]. CS-based materials are ideal bioactive materials due to their
biocompatibility, wound-healing ability, non-toxicity, antibacterial properties, anti-fungal properties,
hydrophilicity, biodegradability, and ability to stimulate adherence, proliferation, and viability of
cells [7,9,10]. Several reports exist on the addition of CS to ABC, resulting in improvement of various
properties of ABC, such as increased setting time (tset) [11], reduced maximum exotherm temperature
(Tmax) [6], increased porosity, higher antibacterial action [12], and increased bioactivity [2,5,13–15].
However, high CS loading generates considerable detriment to the mechanical properties of cements,
restricting clinical uses to non-load-bearing applications. It is crucial to study lower concentrations of
CS to establish an adequate balance between biological and mechanical properties that will allow it to
expand its clinical usefulness to a wide range of low-weight-bearing applications such as kyphoplasty,
cranioplasty, bone defect fillers, maxillofacial reconstruction, and others [16,17].

The reported bioactivity of cements CS-loaded in a simulated biological fluid (SBF) or buffered
phosphate solution (PBS) was only obtained during short test times (<30 days) with cement formulations
that have a high CS loading (mass of CS as a proportion of the weight of the solid component of the
cement) (>20 wt.%). Information on hydrolytic degradation, bioactivity, and other properties of ABC
with CS content ≤ 20 wt.%, under simulated biological fluid conditions after prolonged test times
(>30 days), is lacking.

The purpose of the present study was to determine the influence of CS loading on hydrolytic
degradation, bioactivity, and several handling, physical, and mechanical properties of ABC loaded
with ≤ 20 wt.% CS, with testing in SBF over 28 weeks.

2. Materials and Methods

2.1. Materials

Methyl methacrylate (MMA), 2-(diethylamino) ethyl acrylate (DEAEA), 2-(diethylamino) ethyl
methacrylate (DEAEM), benzoyl peroxide (BPO), and chitosan from shrimp shells with a molecular
weight between 190–310 KDa and deacetylation degree of 88% were all purchased from Sigma-Aldrich
(Sigma-Aldrich, Palo Alto, CA, USA). N,N-dimethyl p-toluidine (DMPT) was purchased from Merck
(Merck, Burlington, MA, USA). Barium sulfate was purchased from Alfa Aesar (BaSO4) (Alfa Aesar,
Tewksbury, MA, USA). PMMA powder beads were purchased from Veracryl (New Stetic SA,
Medellin, Colombia).

2.2. Preparation of ABC

ABCs with different CS loadings were prepared. The solid-phase (SP) and liquid phase (LP) were
made separately by hand mixing, according to the composition shown in Table 1. LP in all formulations
was comprised of 95.5 wt.% MMA, 2.0 wt.% of a 50:50 mixture of the comonomers (DEAEA:DEAEM),
and 2.5 wt.% DMPT as the activator of the polymerization reaction. LP was added in SP at a solid/liquid
ratio = 2 g/mL and manually mixed. The resulting dough was transferred to Teflon molds to obtain
specimens to be used in the different tests.

Table 1. Composition percentage (wt.%) of the solid phase (SP) of the acrylic bone cements
(ABCs) formulations.

Formulation
SP

PMMA BaSO4 BPO CS

ABC 0% CS 88 10 2 0
ABC 5% CS 83 10 2 5

ABC 10% CS 78 10 2 10
ABC 15% CS 73 10 2 15
ABC 20% CS 68 10 2 20
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2.3. Characterization Physical, Chemical and Thermal of ABC

ABCs specimens were characterized by Fourier transform infrared (FTIR) in attenuated total
internal reflectance mode (ATR) in a Spectrum One spectrometer (Perkin-Elmer, Waltham, MA,
USA). Thermogravimetric analysis (TGA) was carried out in a TGA Q500 analyzer (TA Instruments,
New Castle, DE, USA) in a range of 50–500 ◦C under nitrogen at a heating rate of 10 ◦C/min. Differential
scanning calorimetry (DSC) was performed in a DSC 8500 (Perkin-Elmer, Waltham, MA, USA) in a
range of −20–150 ◦C under nitrogen at a heating rate of 10 ◦C/min.

The water contact angle (WCA) was measured at 25 ◦C using a KSV CAM200 tensiometer
(KSV Instruments, Helsinki, Finland). At least 10 separate measurements were taken on each sample.

Proton nuclear magnetic resonance spectra (1H–NMR) were carried out in a Bruker Avance III
HD-400 spectrometer (Bruker, Billerica, MA, USA) at 25 ◦C. Specimens were dissolved in deuterated
chloroform (CDCl3) one week after being prepared. Residual monomer content (RMC) in a sample
was calculated by integrating the signals of the methoxy protons of the MMA and the PMMA using
Equation (1).

RMC(%) =
AMMA

AMMA + APMMA
× 100 (1)

where AMMA is the signal area of methoxy protons of MMA (δ = 3.7 ppm), and APMMA is the signal
area of methoxy protons of PMMA (δ = 3.5 ppm).

2.4. Determination of Handling Properties

Handling properties of the cement paste were evaluated following the protocols given in
ISO 5833-02 [18]. After the mixing of the ABC components, the cement was deposited in a Teflon mold
(diameter and height of 68 and 20 mm, respectively) to record time and temperature data. Temperature
against time plot allowed us to calculate the maximum temperature. Setting time (tset) was calculated
like time required to reach setting temperature (Tset) calculated according to Equation (2). The test was
carried out in duplicate.

Tset =
Tmax + Tamb

2
(2)

where Tamb is the recorded ambient temperature, and Tmax is the highest temperature attained.

2.5. Mechanical Properties

Four-point bending and compression tests were conducted using a universal testing machine
Tinius Olsen-H50KS (Tinius Olsen, Redhill, United Kingdom), following the protocols given in
ISO 5833-02 [18]. For the former test, specimens measuring 75 mm × 10 mm × 3 mm were tested at a
crosshead displacement rate of 5 mm/min. The bending strength (B) and modulus (E) were calculated
using Equations (3) and (4), respectively.

B =
3Fa
bh2 (3)

E =
∆Fa

4 f bh3 x
(
3l2 − 4a2

)
(4)

For Equation (3), F is the force at break, b is the average measured width of the specimen, h is the
average measured thickness of the sample, and a is the distance between the inner and outer loading
points. For Equation (4), ∆F is the load range (50 N − 15 N = 35 N), f is the difference the deflections
under loads of 15 and 50 N, and l is the distance between the outer loading points.

For the compression test, cylindrical specimens (diameter and height of 6 and 12 mm, respectively)
were tested at a crosshead displacement rate of 20 mm/min. For each of these tests, a minimum of six
specimens was tested for each of the cement formulations.
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The morphology of the surfaces of compression test specimens, at the end of the test, were observed
using an environmental scanning electron microscope (ESEM) Philips XL30 (Philips, Eindhoven,
The Netherlands).

The dynamic mechanical analysis was carried out in a DMA Q800 (TA Instruments, New Castle,
DE, USA) in Dual Cantilever mode to 1 Hz of frequency in a range from −100 to 200 ◦C at a heating
rate of 3 ◦C/min. The test samples were prepared with the dimensions of 46 × 6 × 4 mm3. At least
three specimens were tested per formulation.

2.6. Assessment in a Simulated Biological Fluid (SBF)

Hydrolytic degradation of cement specimen and bioactivity (formation of an apatite-like layer
on cement specimen) were determined using disc specimens (diameter = 6 ± 0.1 mm and a thickness
= 2 ± 0.1 mm) and an SBF that was prepared using the methodology presented by Kokubo and
Takadama [19], with its ionic concentration being similar to that of human blood plasma. On the other
hand, samples to monitor compressive strength had a thickness of 12 ± 0.1 mm.

2.6.1. Hydrolytic Degradation

The protocols used followed those given in ASTM F1635-16 [20]. Cylinders were immersed in
50 mL of SFB to 37 ◦C in an incubator (Memmert, Schwabach, Germany) for periods between 1 and
28 weeks. At each period, at least three cylinders were evaluated. The solution was replaced with fresh
SBF weekly. During the time of evaluation, the pH of the SBF was recorded using an Accumet™AB150
pH meter (Fisherbrand, Ottawa, ON, Canada). Before immersion in the test solution, the specimen
was weighed (W0). At the end of the test period, the samples were removed from the SBF, washed
with distilled water, dried superficially with a dry tissue, and weighed (Ww). They were then dried,
in air, at 37 ◦C, for 72 h and weighed again (Wd). Hence, the weight loss (Wl) and water uptake (Wu)
of the specimen were determined by Equations (5) and (6), respectively. Compressive strength was
evaluated under the same conditions described in the mechanical tests.

Wl (%) =
W0 −Wd

W0
× 100 (5)

Wu (%) =
Ww −Wd

Wd
× 100 (6)

2.6.2. Bioactivity in SBF

The morphology of the surface of a specimen used in the hydrolytic degradation test was obtained
using a scanning electron microscope (SEM). The attached X-ray energy dispersive spectrometer (EDS)
JEOL Model JSM 6490 LV (Akishima, Tokyo, Japan) supported calculation of the amount of apatite-like
deposition layer (that is, proportional to the amount of Ca and P ions on the surface).

2.7. Statistical Analysis

Quantitative property results are presented as mean (standard deviation). For each of these
properties, the test of significance of the difference between means was performed using the Student
t-test with the software Minitab 17 (Minitab, LLC, State College, PA, USA). The difference was
considered statistically significant when p < 0.05. Statistical analysis was performed comparing ABCs
loaded with respect to control ABC.
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3. Results

Currently, PMMA-based bone cement is the most widely used type of bone cement in
orthopedics [6]. In this research, ABC loaded with CS between 0–20 wt.% in its solid phase were
prepared. The influence of CS content on mechanical, thermal, chemical, physical, and biological
properties were analyzed.

3.1. FTIR

Figure 1 shows the FTIR spectra of the CS-loaded ABCs. The bands at 1140 and 1720 cm−1

corresponds to O–CH3 stretching vibration and C=O asymmetric stretching vibrations, respectively,
corresponding to the PMMA structure [21]. The cement containing CS presented a wide overlapped
band corresponding to the amine N–H stretching vibration (3365 cm−1) and the O–H stretching
vibration (3460 cm−1) in the CS. Characteristics bands of PMMA and CS without shifting indicate that
the preparation conditions of ABC did not promote a covalent bonding between the chitosan and the
cement. Therefore, the interaction between them was only governed by physical forces.
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Figure 1. Fourier-transform infrared spectra in attenuated total internal reflectance mode (ATR) mode
for ABCs loaded with chitosan (CS).

3.2. TGA

The thermal stability of cement is improved with the incorporation of CS (Figure 2).
The temperature at which a 10% loss of weight (T10) is achieved is reduced from 304 ◦C for ABCs
without CS, to 288 ◦C for ABCs loaded with 20 wt.%. Additionally, T50 changed from 377 to 380 ◦C for
ABCs without CS and ABC loaded with 20 wt.%, respectively. A 20 wt.% of CS introduction decreased
the total loss weight percentage to 4 ◦C. At temperatures > 400 ◦C, a significant weight loss of the
formulations with lower CS contents is evident. Figure 2 also shows an inset (a derivative of the
thermogravimetric analysis, DTGA), in which the peak of the curve represents the temperature of the
highest rate of weight loss obtained.
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TGA (DTGA) thermograms.

3.3. Handling Properties and Water Contact Angle

The handling parameters that describe the polymerization reaction are maximum temperature
(Tmax) and setting time (tset). Tmax corresponds to the maximum temperature reached during the MMA
free radical polymerization reaction, which is exothermic, and the tset represents the time taken to
reach a temperature midway between ambient and Tmax. From tset, the significant increase of paste’s
viscosity caused a reduction in the handling of the cement [22].

The maximum temperature obtained during the MMA polymerization reaction shows a decrease
of 13 ◦C with a CS loading of 20 wt.% (Table 2). The increase in tset is significant for formulations with
CS loading ≥ 15 wt.%. For each of the formulations, Tmax and tset values are within limits allowed by
ISO 5833-02 for ABC [18].

Table 2. The maximum exotherm temperature (Tmax), setting time (tset), and water contact angle (WCA)
results. Data reported as mean ± standard deviation.

Formulation Tmax (◦C) tset (s) WCA (◦)

ABC 0% CS 59 ± 3 355 ± 30 64.9 ± 2.2
ABC 5% CS 58 ± 2 370 ± 15 65.1 ± 1.1
ABC 10% CS 54 ± 3 420 ± 15 66.4 ± 1.4
ABC 15% CS 54 ± 4 460 ± 20 * 60.3 ± 2.1 **
ABC 20% CS 46 ± 2 * 545 ± 25 * 56.8 ± 1.9 **

Significance level of * p-value < 0.05; ** p-value < 0.01.

The water contact angle showed a decrease of 7.1% and 12.5% with CS loadings of 15 and 20 wt.%,
respectively (p < 0.01). Lower WCA is related to a more significant wetting on the ABC surface due to
an increase in hydrophilicity. Other researchers have found WCA values similar to those found in this
study [23].
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3.4. Mechanical Properties, Residual Monomer Content and DSC

The bending strength, bending modulus, and compressive strength results are presented in Figure 3.
ISO 5833-02 [18] specifies a minimum value of bending strength, bending modulus, and compressive
strength for ABC as 50, 1800, and 70 MPa, respectively. Only the formulation without CS achieved
the minimum bending strength. Except for the composite with CS of 20 wt.%, all other formulations
produced the minimum bending modulus. Formulations with CS loadings of 15 and 20 wt.% did not
achieve the minimum compressive strength.
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Both porosity and surface roughness of the compression test specimens increased with an increase
in CS loading (Figure 4), indicating high potential for cell attachment for these specimens.

Storage modulus (E’) obtained by DMA represents the elastic phase of the complex modulus and
is equivalent to the energy stored through deformation [24]. It is related to the elastic modulus in
bending; therefore, according to Figure 5, the stiffness of the cement decreased with increasing CS
loading. Tg was calculated from the maxima value of tan δ versus plotted temperature, and the trends
in Tg determined by DSC and DMA were similar (Table 3).

From Table 3, it can be observed that Tg determined by DSC and DMA show similar behavior,
in which CS loading ≤ 10 wt.% increases the Tg, while rates above this value generate a slight decrease
in this property. There is a small increase in RMC with an increase in CS loading, except for the
formulation with 20 wt.% CS, which offers an increase of more than 400% (Table 3). High RMC suggests
a high risk of chemical necrosis.
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Table 3. Residual monomer content (RMC) and glass transition temperature (Tg) by DSC and DMA
of ABC.

Formulation RMC (%) Tg DSC (◦C) Tg DMA (◦C)

ABC 0% CS 1.06 106 114
ABC 5% CS 1.83 108 116
ABC 10% CS 1.32 107 115
ABC 15% CS 1.57 105 110
ABC 20% CS 6.25 101 113
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3.5. Hydrolytic Degradation

Figure 6 shows the change in weight, water uptake, pH, and compressive strength of ABCs with
immersion time duration in SFB. The results showed that weight loss (Figure 6a) and water uptake
(Figure 6b) increased with an increase in CS loading. The absorption is favored by the increase in the
porosity of the cement, increasing the weight loss generated possibly by the hydrolytic degradation of
CS within the cement.
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Figure 6. Effect of soaking time in a simulated body fluid of acrylic bone cements loaded with CS on
(a) weight loss, (b) water uptake, (c) pH, and (d) compressive strength.

The pH of the SBF (Figure 6c) showed a decrease over time, possibly due to the CS degradation
products, while when plain cement (no CS) test specimens were used, the change in SBF pH during the
test was marginal. For each of the formulations, the variation of compressive strength with immersion
time in SBF was negligible (Figure 6d), due to the few weight loss reported for these cement specimens
(<2.5%) (Figure 6a).

3.6. Bioactivity in SBF

The presence of Ca and P on the surface of the ABCs immersed in SFB was evaluated by SEM and
EDS techniques. Bioactivity in SBF was determined by monitoring the deposition of these ions on the
surface of the ABC.
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3.6.1. SEM

The morphologies of the surfaces of the cement specimens are shown in Figure 7. It is seen that
the surface roughness increases with an increase in CS loading. For the same formulation, there are no
apparent differences in surface morphology with an increase in immersion time in SBF.
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3.6.2. EDS

Formulations with CS loadings of 15 and 20 wt.% CS show Ca deposition from the first week of
immersion and an increase in the content of this ion until week 8, by which time the entire surface of
the cement is covered (Figure 8a). On the other hand, for the same formulations, P appears from week
4 (Figure 8b). In contrast, for formulations with a CS loading < 15 wt.%, the deposition of these ions is
delayed for several weeks (Figure 8a,b).

It is known that bioactivity in SBF is related to the facility of deposition of Ca and P ions on the
surface of the cement, which, under in vivo conditions, promotes cell attachment of osteoblasts during
the process of bone remodeling. The present results show that bioactivity in SBF improved with an
increase in CS loading. The contact angle results corroborate these findings (increase in hydrophilicity
with a rise in CS loading) (Table 2) and the surface morphologies (increase in the amount of surface CS
with an increase of CS loading) (Figure 7).
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4. Discussion

The results of the chemical, physical, thermal, mechanical, and biological characterizations of the
ABCs prepared in this investigation were analyzed according to the effect of CS content.

The lack of chemical interaction between CS and PMMA, as confirmed by FTIR, shows that CS is
not modified and, as such, it is expected that CS will impart some of its attractive properties, such as
biocompatibility, bioactivity, and biodegradation [9,25], to the cement.

From the mechanical point of view, this lack of chemical bonding drastically affected the bending
and compressive properties of the cements since the interface formed between them is weak. On the
other hand, the thermal stability of the ABCs determined by TGA was improved at high temperatures,
while at low temperatures, it had no significant influence.

The rigid glucosamine structure and the semi-crystalline structure of CS caused an increase in
the cement viscosity [13,15]. This increased viscosity means that during the polymerization reaction,
voids that are formed as entrapped air unable to escape, and the porosity of CS-loaded cement
increased [6]. The increased porosity of ABCs with CS loading observed by SEM generates a loss in the
mechanical properties. Still, it improves the bioactive behavior because a roughness increased with the
biocompatibility favoring cell adhesion and bone tissue growth through the ABC [6,23]. It has been
reported that the bone ingrowth to the ABC structure forms a strong mechanical interlocking between
the cement and bone, and thus provides stability to the implant site [26].

The decrease in the maximum temperature improves the performance of the ABCs because it
decreases the risk of thermal necrosis of the tissue around the cement. The increase in the setting time
gives the surgeon more time available for filling and remodeling bone defects.

The trend of decrease in Tmax with an increase in CS loading, which is the same as reported in
the literature [13,15,23], is attributed to the intramolecular hydrogen bonds in CS acting as a heat sink,
that is, absorbing the released heat during polymerization of the cement [3,13,15]. The reduction in
temperature during the polymerization reduces the risk of bone cell necrosis and subsequent implant
loosening [3]. Furthermore, the increase in tset is related to the longer time available for the surgeon to
manipulate the ABC during surgery.

The biocompatibility of a material is related to the surface properties, such as hydrophilicity [23].
In this research, the hydrophilicity of ABCs surfaces was determined by the water contact angle.
For cement with CS loading ≤ 10 wt.%, WCA increased with an increase in CS loading, which is
attributed to the surface of these cements being covered with a layer of the PMMA produced during
the polymerization of MMA. In contrast, with CS loading > 10 wt.%, WCA decreases with an increase
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in CS loading because of the more significant number of hydrophilic groups (NH2 and OH) provided
by the CS. The decrease of the contact angle favored the biocompatibility in SBF in ABC with 15 and
20 wt.% [3].

The significant decrease in each of the mechanical properties with an increase in CS loading may be
attributed to two factors, namely (1) lack of chemical bonding, which means that the interface between
the cement matrix and CS is weak; and (2) increased porosity. The low mechanical performance of
CS-loaded cements concerning ISO 5833-02 [18] indicates that they should not be used for prosthesis
fixation [27], but rather in applications such as remodeling areas of metastatic or osteoporotic cancer,
in fractures, in the repair of cranial defects (cranioplasties) or in the restoration of vertebral fractures
(vertebroplasty and kyphoplasty) [1], where less mechanical performance is required.

The Tg affects the mechanical properties of ABCs. It has been reported that the Tg of bone cements
shows a direct relationship with modulus [24,28]. Our results confirm that the highest Tg was obtained
for formulations with percentages ≤ 10 wt.%, which is related to the mechanical properties.

In general, the residual monomer content of formulations with percentages of CS less than 20 wt.%
was low; however, the formulation with CS loading of 20 wt.% presented a high value compared to the
other formulations. This increase in the RMC with the CS loading may be due to the lower diffusion
capacity of the monomer during polymerization, generating more excellent heat dissipation [29].
Kühn Dieter [30] reports RMC between 1.8–4.1% for some of the available commercial formulations, so
it can be assumed that the formulation with CS loading of 20 wt.% could present a risk of toxicity of
the residual monomer [31].

The high weight loss and high-water uptake of ABCs with CS loading > 15 wt.% after soaking
in SFB could be attributed to CS being hygroscopic and, as such, promotes the absorption of water.
Also, higher porosity of the material, due to chitosan degradation, could encourage uptake water of the
cement [6]. Similar weight loss and water uptake results have been reported elsewhere [6]. The pH of
the SFB decreased over time, indicating that the by-products of the degradation process are responsible
for the pH of the fluid [32,33]. For a given cement formulation, the change in its compressive strength
over time was negligible, a trend that is consistent with the weight loss profile. In turn, this profile
may be attributed to the reduced solubility of CS at pH > 6.5 [9,23].

Bioactivity relates to a material’s ability to stimulate a biological response in its environment [7].
In this research, bioactivity in SBF was determined by Ca and P ions deposition on the cement surface.
These ions are the main inorganic components of the bone, which, once deposited on the extracellular
matrix material produced by the osteoblasts, generate the osteoid mineralization and, therefore,
the formation of new bone [34].

The presence of Ca ions was confirmed one week later of immersion in SFB with CS loadings ≥
15 wt.%. On the other hand, P presence was confirmed only after the fourth week. The previous results
coincide with the sequence of processes reported for the formation of apatite. First, Ca2+ ions in SFB
are selectively adsorbed onto negatively charged surfaces (OH− groups of the CS). Second, PO4

3− ions
are attracted to the calcium-rich surfaces to form an amorphous calcium phosphate (ACP), and finally,
the ACP is converted into apatite [9,13,17,35]. The presence of Ca and P ions in the first week of
immersion of the cement specimens in SFB has been reported in the literature for cement formulations
with CS loading > 20 wt.% [3,13,23].

Formulations with chitosan loading < 15 wt.% also showed bioactivity in SBF. ABCs CS loading
of 10 wt.% started the deposition process after second-week soaking, while those with 0 and 5 wt.%
CS registered bioactivity from week 12. For cements without CS loading, bioactivity in SBF may be
attributed to the presence of alkaline comonomers [36].

The results obtained were promising for this type of cement with CS loading ≤ 20 wt.%; therefore,
a more extensive biological characterization including in vitro and in vivo conditions is proposed in
future research.
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5. Conclusions

Formulations with CS loading ≥ 15 wt.% showed deposition of Ca from the first week following
immersion in SBF and deposition of P ions from the fourth week, in contrast to cements with lower CS
loading, which presented deposition between the second and twelfth week. This observation might
suggest that for fast bioactivity in SBF, the minimum CS loading is 15 wt.%.

Formulation with CS loading ≥ 15 wt.% showed increased thermal stability, higher porosity,
increased roughness, decreased contact angle (on water), reduced Tmax, and increased tset. Those results
were desirable, but this was accompanied by increased RMC, and significant decreases in bending
strength, bending modulus, compressive strength, and storage modulus, each of which is undesirable.
Thus, the cements with CS loading of 15 wt.% should be further characterized for use in
low-weight-bearing applications, such as bone void fillers, vertebroplasty, and balloon kyphoplasty.

Author Contributions: Conceptualization, M.E.V.Z., J.H.M.H. and C.D.G.T.; formal analysis, M.E.V.Z.; funding
acquisition, J.H.M.H.; investigation, M.E.V.Z. and J.H.M.H.; methodology, M.E.V.Z. and C.D.G.T.; project
administration, J.H.M.H.; supervision, C.D.G.T.; writing—original draft, M.E.V.Z.; writing—review and editing,
J.H.M.H. and C.D.G.T. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Sistema General de Regalías–FCTeI-Colombia (BPIN: 2013000100300).

Acknowledgments: The authors acknowledge the Biomaterials Group in the Polymeric Nanomaterials and
Biomaterials Department of ICTP-CSIC in Spain for the support in the performance of chemical and physical tests.
Author Mayra Eliana Valencia Zapata thanks MinCiencias for funding her doctoral studies.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Magnan, B.; Bondi, M.; Maluta, T.; Samaila, E.; Schirru, L.; Dall’Oca, C. Acrylic bone cement: Current concept
review. Musculoskelet. Surg. 2013, 97, 93–100. [CrossRef]

2. Khandaker, M.; Vaughan, M.B.; Morris, T.L.; White, J.J.; Meng, Z. Effect of additive particles on mechanical,
thermal, and cell functioning properties of poly (methyl methacrylate) cement. Int. J. Nanomed.
2014, 2699–2712. [CrossRef] [PubMed]

3. Soleymani Eil Bakhtiari, S.; Karbasi, S.; Hassanzadeh Tabrizi, S.A.; Ebrahimi-Kahrizsangi, R.; Salehi, H.
Evaluation of the effects of chitosan/multiwalled carbon nanotubes composite on physical, mechanical and
biological properties of polymethyl methacrylate-based bone cements. Mater. Technol. 2019, 35, 267–280.
[CrossRef]

4. Lewis, G. Alternative acrylic bone cement formulations for cemented arthroplasties: Present status. key issues,
and future prospects. J. Biomed. Mater. Res. B Appl. Biomater. 2008, 84, 301–319. [CrossRef]

5. Wang, M.; Sa, Y.; Li, P.; Guo, Y.; Du, Y.; Deng, H.; Jiang, T.; Wang, Y. A versatile and injectable poly(methyl
methacrylate) cement functionalized with quaternized chitosan-glycerophosphate/nanosized hydroxyapatite
hydrogels. Mater. Sci. Eng. C 2018, 90, 264–272. [CrossRef]

6. De Mori, A.; Di Gregorio, E.; Kao, A.P.; Tozzi, G.; Barbu, E.; Sanghani-Kerai, A.; Draheim, R.R.; Roldo, M.
Antibacterial PMMA Composite Cements with Tunable Thermal and Mechanical Properties. ACS Omega
2019, 4, 19664–19675. [CrossRef] [PubMed]

7. Islam, M.M.; Shahruzzaman, M.; Biswas, S.; Nurus Sakib, M.; Rashid, T.U. Chitosan based bioactive materials
in tissue engineering applications—A review. Bioact. Mater. 2020, 5, 164–183. [CrossRef]

8. Barradas, A.M.C.; Yuan, H.; Van Blitterswijk, C.A.; Habibovic, P. Osteoinductive biomaterials: Current
knowledge of properties, experimental models and biological mechanisms. Eur. Cells Mater. 2011, 21, 407–429.
[CrossRef] [PubMed]

9. Bakshi, P.S.; Selvakumar, D.; Kadirvelu, K.; Kumar, N.S. Chitosan as an environment friendly biomaterial—
A review on recent modifications and applications. Int. J. Biol. Macromol. 2020, 150, 1072–1083. [CrossRef]

10. Dunne, N.; Buchanan, F.; Hill, J.; Newe, C.; Tunney, M.; Brady, A.; Walker, G. In vitro testing of chitosan in
gentamicin-loaded bone cement: No antimicrobial effect and reduced mechanical performance. Acta Orthop.
2008, 79, 851–860. [CrossRef]

11. Lin, M.C.; Chen, C.C.; Wu, I.T.; Ding, S.J. Enhanced antibacterial activity of calcium silicate-based hybrid
cements for bone repair. Mater. Sci. Eng. C 2020, 110, 110727. [CrossRef] [PubMed]

http://dx.doi.org/10.1007/s12306-013-0293-9
http://dx.doi.org/10.2147/IJN.S61964
http://www.ncbi.nlm.nih.gov/pubmed/24920906
http://dx.doi.org/10.1080/10667857.2019.1678086
http://dx.doi.org/10.1002/jbm.b.30873
http://dx.doi.org/10.1016/j.msec.2018.04.075
http://dx.doi.org/10.1021/acsomega.9b02290
http://www.ncbi.nlm.nih.gov/pubmed/31788597
http://dx.doi.org/10.1016/j.bioactmat.2020.01.012
http://dx.doi.org/10.22203/eCM.v021a31
http://www.ncbi.nlm.nih.gov/pubmed/21604242
http://dx.doi.org/10.1016/j.ijbiomac.2019.10.113
http://dx.doi.org/10.1080/17453670810016957
http://dx.doi.org/10.1016/j.msec.2020.110727
http://www.ncbi.nlm.nih.gov/pubmed/32204040


Polymers 2020, 12, 1617 14 of 15

12. Shi, Z.; Neoh, K.G.; Kang, E.T.; Wang, W. Antibacterial and mechanical properties of bone cement impregnated
with chitosan nanoparticles. Biomaterials 2006, 27, 2440–2449. [CrossRef] [PubMed]

13. Tavakoli, M.; Bakhtiari, S.S.E.; Karbasi, S. Incorporation of chitosan/graphene oxide nanocomposite in to
the PMMA bone cement: Physical, mechanical and biological evaluation. Int. J. Biol. Macromol. 2020,
149, 783–793. [CrossRef] [PubMed]

14. Liu, B.; Li, M.; Yin, B.; Zou, J.; Zhang, W.; Wang, S.-Y. Effects of Incorporating Carboxymethyl Chitosan into
PMMA Bone Cement Containing Methotrexate. PLoS ONE 2015, 10, 144407. [CrossRef] [PubMed]

15. Endogan, T.; Kiziltay, A.; Kose, G.T.; Comunoglu, N.; Beyzadeoglu, T.; Hasirci, N. Acrylic Bone Cements:
Effects of the Poly (methyl methacrylate) Powder Size and Chitosan Addition on Their Properties. J. Appl.
Polym. Sci. Polym. Sci. 2014, 131, 39662. [CrossRef]

16. Deb, S.; Koller, G. Chapter 8. Acrylic bone cement: Genesis and evolution. In Orthopaedic Bone Cements;
Deb, S., Ed.; Woodhead Publishing Limited: Cambridge, UK, 2008; pp. 167–182, ISBN 978-1-84569-517-0.

17. Miyazaki, T.; Ohtsuki, C. Design of bioactive bone cement based on organic–inorganic hybrids. In Orthopaedic
Bone Cements; Deb, S., Ed.; Woodhead Publishing Limited: Cambridge, UK, 2008; p. 400.

18. International Standard ISO 5833. Implants for Surgery-Acrylic Resin Cements. ISO: Geneva, Switzerland,
2002; pp. 1–22.

19. Kokubo, T.; Takadama, H. How useful is SBF in predicting in vivo bone bioactivity? Biomaterials 2006,
27, 2907–2915. [CrossRef]

20. ASTM F1635-16. Standard Test Method for In Vitro Degradation Testing of Hydrolytically Degradable
Polymer Resins and Fabricated Forms for Surgical Implants. American Society of Testing Materials: West
Conshohocken, PA, USA, 2016; pp. 1–5.

21. Pahlevanzadeh, F.; Bakhsheshi-Rad, H.R.; Ismail, A.F.; Aziz, M.; Chen, X.B. Development of PMMA-Mon-CNT
bone cement with superior mechanical properties and favorable biological properties for use in bone-defect
treatment. Mater. Lett. 2019, 240, 9–12. [CrossRef]

22. Vazquez-Lasa, B. Poly(methylmethacrylate) bone cement: Chemical composition and chemistry.
In Orthopaedic Bone Cements; Deb, S., Ed.; Woodhead Publishing Limited: Cambridge, UK, 2008; p. 400.

23. Tan, H.; Guo, S.; Yang, S.; Xu, X.; Tang, T. Physical characterization and osteogenic activity of the quaternized
chitosan-loaded PMMA bone cement. Acta Biomater. 2012, 8, 2166–2174. [CrossRef]

24. Nazhat, S.N.; Cauich Rodriguez, J.V. Dynamic mechanical properties of bone cements. In Orthopaedic Bone
Cements; Deb, S., Ed.; Woodhead Publishing: Cambridge, UK, 2008; pp. 296–310.

25. Varlamov, V.P.; Il’ina, A.V.; Shagdarova, B.T.; Lunkov, A.P.; Mysyakina, I.S. Chitin/Chitosan and Its Derivatives:
Fundamental Problems and Practical Approaches. Biochemistry 2020, 85, 154–176. [CrossRef] [PubMed]

26. Tiainen, H.; Wohlfahrt, J.C.; Verket, A.; Lyngstadaas, S.P.; Haugen, H.J. Bone formation in TiO 2 bone scaffolds
in extraction sockets of minipigs. Acta Biomater. 2012, 8, 2384–2391. [CrossRef]

27. He, Q.; Chen, H.; Huang, L.; Dong, J.; Guo, D.; Mao, M.; Kong, L.; Li, Y.; Wu, Z.; Lei, W. Porous Surface
Modified Bioactive Bone Cement for Enhanced Bone Bonding. PLoS ONE 2012, 7, e42525. [CrossRef]

28. May-Pat, A.; Herrera-Kao, W.; Cauich-Rodríguez, J.V.; Cervantes-Uc, J.M.; Flores-Gallardo, S.G. Comparative
study on the mechanical and fracture properties of acrylic bone cements prepared with monomers containing
amine groups. J. Mech. Behav. Biomed. Mater. 2012, 6, 95–105. [CrossRef]

29. Valencia Zapata, M.E.; Mina Hernandez, J.H.; Grande Tovar, C.D.; Valencia Llano, C.H.; Diaz Escobar, J.A.;
Vázquez-Lasa, B.; San Román, J.; Rojo, L.; Rojo, L. Novel Bioactive and Antibacterial Acrylic Bone Cement
Nanocomposites Modified with Graphene Oxide and Chitosan. Int. J. Mol. Sci. 2019, 20, 2938. [CrossRef]
[PubMed]

30. Kühn, K.-D. Bone Cements; Springer: Berlin, Germany, 2000; ISBN 9783642641152.
31. Lewis, G. Properties of nanofiller-loaded poly (methyl methacrylate) bone cement composites for orthopedic

applications: A review. J. Biomed. Mater. Res.—Part B Appl. Biomater. 2017, 105, 1260–1284. [CrossRef]
[PubMed]

32. Depan, D.; Shah, J.S.; Misra, R.D.K. Degradation mechanism and increased stability of chitosan-based
hybrid scaffolds cross-linked with nanostructured carbon: Process-structure-functional property relationship.
Polym. Degrad. Stab. 2013, 98, 2331–2339. [CrossRef]

33. Ruiz, S.; Tamayo, J.A.; Ospina, J.D.; Navia Porras, D.P.; Valencia Zapata, M.E.; Mina Hernandez, J.H.;
Valencia, C.H.; Zuluaga, F.; Grande Tovar, C.D. Antimicrobial Films Based on Nanocomposites of Chitosan /

Poly ( vinyl alcohol )/ Graphene Oxide for Biomedical Applications. Biomolecules 2019, 9, 109. [CrossRef]

http://dx.doi.org/10.1016/j.biomaterials.2005.11.036
http://www.ncbi.nlm.nih.gov/pubmed/16338001
http://dx.doi.org/10.1016/j.ijbiomac.2020.01.300
http://www.ncbi.nlm.nih.gov/pubmed/32014476
http://dx.doi.org/10.1371/journal.pone.0144407
http://www.ncbi.nlm.nih.gov/pubmed/26657526
http://dx.doi.org/10.1002/app.39662
http://dx.doi.org/10.1016/j.biomaterials.2006.01.017
http://dx.doi.org/10.1016/j.matlet.2018.12.049
http://dx.doi.org/10.1016/j.actbio.2012.03.013
http://dx.doi.org/10.1134/S0006297920140084
http://www.ncbi.nlm.nih.gov/pubmed/32087058
http://dx.doi.org/10.1016/j.actbio.2012.02.020
http://dx.doi.org/10.1371/journal.pone.0042525
http://dx.doi.org/10.1016/j.jmbbm.2011.09.017
http://dx.doi.org/10.3390/ijms20122938
http://www.ncbi.nlm.nih.gov/pubmed/31208091
http://dx.doi.org/10.1002/jbm.b.33643
http://www.ncbi.nlm.nih.gov/pubmed/26968438
http://dx.doi.org/10.1016/j.polymdegradstab.2013.08.007
http://dx.doi.org/10.3390/biom9030109


Polymers 2020, 12, 1617 15 of 15

34. Safadi, F.F.; Barbe, M.F.; Abdelmagid, S.M.; Rico, M.C.; Aswad, R.A.; Litvin, J.; Popoff, S.N. Bone Structure,
Development and Bone Biology. In Bone Pathology; Khurana, J.S., Ed.; Humana Press: New York, NY, USA,
2009; Volume 2, pp. 1–50, ISBN 9781588297662.

35. Mirmusavi, M.H.; Zadehnajar, P.; Semnani, D.; Karbasi, S.; Fekrat, F.; Heidari, F. Evaluation of physical,
mechanical and biological properties of poly 3-hydroxybutyrate-chitosan-multiwalled carbon nanotube/silk
nano-micro composite scaffold for cartilage tissue engineering applications. Int. J. Biol. Macromol. 2019,
132, 822–835. [CrossRef] [PubMed]

36. Islas-Blancas, M.E.; Cervantes-Uc, J.M. Characterization of bone cements prepared with functionalized
methacrylates and hydroxyapatite. J. Biomater. Sci. Polym. Ed. 2001, 12, 893–910. [CrossRef] [PubMed]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.ijbiomac.2019.03.227
http://www.ncbi.nlm.nih.gov/pubmed/30940593
http://dx.doi.org/10.1163/156856201753113088
http://www.ncbi.nlm.nih.gov/pubmed/11718483
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Materials 
	Preparation of ABC 
	Characterization Physical, Chemical and Thermal of ABC 
	Determination of Handling Properties 
	Mechanical Properties 
	Assessment in a Simulated Biological Fluid (SBF) 
	Hydrolytic Degradation 
	Bioactivity in SBF 

	Statistical Analysis 

	Results 
	FTIR 
	TGA 
	Handling Properties and Water Contact Angle 
	Mechanical Properties, Residual Monomer Content and DSC 
	Hydrolytic Degradation 
	Bioactivity in SBF 
	SEM 
	EDS 


	Discussion 
	Conclusions 
	References

