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bEscuela de Odontoloǵıa, Grupo biomateria

13 No. 100-00, Santiago de Cali, Colom

correounivalle.edu.co
cConsorcio Centro de Investigación Bioméed
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chitosan morphology on the
properties of acrylic cements and their
biocompatibility†
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José Herminsul Mina Hernandez,a Carlos Humberto Valencia,b Luis Rojo *cd

and Carlos David Grande Tovar *e

Acrylic bone cements (ABC) are materials widely used in orthopedics and biomedical applications. Several

active compounds have been introduced to ABC formulations to improve their mechanical properties and

bifunctionality. In this research, we studied the effect of the addition of chitosan (CS) microspheres and

chitosan sheets on ABC formulations. For mechanical performance optimization, the compression

strength was taken as a response variable using an extreme vertices mixing design with fraction by

weight of CS and poly(methyl methacrylate) (PMMA) as the variable factors. According to the statistical

analysis, the control samples (without CS), samples with 7% (wt.) of CS sheets, and samples with 17% (wt.)

of CS spheres presented the best compression properties: 90.6 MPa and 95.6 MPa, respectively. The

study of these formulations confirmed that CS spheres allow a higher amount of loading on the

formulation, maintaining comparable compression strength. By 1H-NMR, it was observed that the

residual monomer was similar in all wording. The hydrolytic degradation assay in simulated body fluid

(SBF) determined that the sphere incorporation increased by 50% and 35% for the water uptake and

weight loss values, respectively, when compared with the reported values with CS sheets. By

morphological analysis via SEM, it was observed that the porosity increased considerably in the presence

of CS spheres throughout the immersion time in SBF. The subdermal implant results demonstrated

excellent compatibility between the cement studied and the biological environment.
Introduction

Acrylic bone cements (ABC) have been used clinically for many
years in orthopaedic surgery for the xation of articial joints
with promising results.1 Themain function of bone cement is to
transfer strains from the prosthesis to the bone, and increase
the load-sharing capacity of the prosthesis.2 Cements must
endure considerable stresses, and thus fullling the
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Colombia. E-mail: carlosgrande@mail.

tion (ESI) available. See DOI:

164
standardised mechanical properties are important for its clin-
ical success.3

ABCs used in surgical applications are relatively weak in
terms of their tensile strength, but they are resistant to
compression.4,5 The compression strength values are in the
range of 85–114 MPa, which are related to 50–70% of the
cortical bone strength.6 However, despite the good results of
implant xation with bone cements, they still show some clin-
ical disadvantages such as inert nature, which eventually
generates aseptic loss or prosthesis deterioration.7 Currently,
different approaches are still under investigation to overcome
these limitations. Biocompatibility and functionality improve-
ment of cements have been performed by inducing porosity
with vacuum mixing devices,8,9 or adding bioactive compounds
in the curing formulation such as nano-hydroxyapatite-based
llers.10 The bactericidal capacity was introduced using essen-
tial oil-based monomers,11 graphene oxide, graphene,12 and
chitosan (CS) polymers. Chitosan has excellent mucoadhesive,
hemocompatibility, biodegradability, and is not toxic. Chitosan
also has anti-tumour, antioxidant, and antimicrobial proper-
ties, so it has become a very attractive biomaterial for different
applications in biomedicine.13–15
This journal is © The Royal Society of Chemistry 2020
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Cement formulations, including CS, demonstrated physical
and biological improvements.16,17 Several studies on the addi-
tion of CS sheets to acrylic bone cement showed a positive
impact on the reduction of the maximum curing temperature
and biocompatibility, with no signicant effects on the tensile
properties.8

On the other hand, Shi et al. investigated the use of CS
nanoparticles (CS NP) as bactericidal agents in PMMA bone
cement against Gram-positive strains, such as S. aureus and S.
epidermidis, aer a prolonged period of time.18 In addition,
Meng et al. analysed the effects of resorbable CS microspheres
into calcium phosphate cement formulations, improving their
mechanical behaviour and inducing a porous morphology on
the cements aer immersion in simulated biological uid (SBF)
with a healthy in vivo recovery process.19 However, very few
formulated cements have reported the effect of the CS
morphology in the nal properties of the material, like curing
parameters, mechanical properties, or in vitro responses.

The purpose of the present study was to analyse the effect of
adding CS in two different morphologies (sheets and micro-
spheres) on the mechanical, physical and biological properties
of ABCs by analysing the residual monomer percentage, the
mechanical properties and histological results of ABCs
implanted in the subdermal tissue of Wistar rats for 30 days.
Materials and methods
Materials

The solid phase of ABCs was composed of PMMAmicroparticles
acquired from New Stetic S.A. (Medellin, Colombia), barium
sulphate (BaSO4) from Alfa Aesar (Tewksbury, MA, USA), and
benzoyl peroxide (BPO). The chitosan sheets were from shrimp
shells (Mw ¼ 190 000–310 000 and a deacetylation degree of
88%) from Sigma-Aldrich, with CAS number 9012-76-4 andMDL
number MFCD00161512 (Palo Alto, CA, USA). CS spheres with
Table 1 Formulation of acrylic bone cement

Solid phase Amount (wt%)

PMMA 88–68
BaSO4 10
BPO 2
CSa 0, 7.64 or 17a

Liquid phase Amount (wt%)

MMA 97.5
(Co-monomer 1) 2-
(diethylamine)ethyl
methacrylate

1.25

(Co-monomer 2) 2-
(diethylamine)ethyl
acrylate

1.25

a CS was added to the solid phase as sheets (7.64 wt%) or spheres
(17 wt%). Control samples without CS (0 wt%) were used as the
reference group.

This journal is © The Royal Society of Chemistry 2020
a maximum diameter of 1 mm were obtained from the trans-
formation of chitosan sheets by the coacervation method based
on the methodology reported by Dias and Queiroz.20 CS spheres
were also used in the preparation of the solid phase.

The liquid phase was composed of methyl methacrylate
(MMA), 2-(diethylamino)ethyl acrylate (DEAEA), 2-(dieth-
ylamino)ethyl methacrylate (DEAEM) (Sigma-Aldrich, Palo Alto,
CA, USA), and N,N-dimethyl p-toluidine (DMPT) (Merck, Bur-
lington, MA, USA), according to Table 1. All materials were used
as received from the supplier, except for BPO, which was
recrystallized from methanol.

Mixture design

The composition of experimental formulations used in this
study were designed based on the mixing multi-component
methodology (extreme vertices) previously reported for
composites mixtures.21 In this case, the effect of the CS
morphology added to the bone cement was studied, including
two designs of mixtures of independent extreme vertices for
each morphology. The following components were used for
sheet design: PMMA and CS, with a process variable identied
as size; and for the design of spheres, the components PMMA
and CS without process variable.

Response optimization

The intervals for the experimental region of each model are
given in Table 1 with compression strength as the response
variable for both experimental designs.

Experimental components were used in a regression model
with linear effects and signicant interaction, which is repre-
sented by eqn (1):22

y ¼ b0 + b1x1 + b2x2 + b3x1x2 + 3 (1)

where Y is the response variable (compression strength), and ei
is the error in the u-exempt test. The parameter bi represents the
effect of the i-exempt pure component, bij is the impact of the
interaction between components i and j, and bijk is the impli-
cation of the triple interaction components i, j, and k. The ei
errors are assumed to be independent and identically distrib-
uted usually with mean m ¼ 0 and variance s2. The parameters
bi, bij, bijk can be estimated by least-squares.

Tables S1 and S2 (ESI†) present the different proportions of
each component obtained under the design of extreme vertices
mixtures for sheets and spheres, respectively.

The design experiment optimization included the analysis of
each optimization graph thrown by the MINITAB 18 program in
the nal vertices experiment designs for sheets and spheres.

The conditions for the compression strength were as follows:
lower limit ¼ 44 MPa, target ¼ 90 MPa and upper limit ¼
100 MPa for the sheets design, and lower limit ¼ 85 MPa, target
¼ 95 MPa, and upper limit ¼ 100 MPa for the sphere design.

Bone cement preparation

Each component proportion was considered in the designs of
the sheet and sphere experiments for the acrylic bone cement
RSC Adv., 2020, 10, 31156–31164 | 31157
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preparation. The cement preparation consisted of a solid–liquid
phase ratio of 2 : 1 (Table 1). Both solid phase and liquid phase
were weighted separately and manually mixed according to ISO
5833.23

Physicochemical characterization of bone cement

Particle morphology and surface microstructure. The
morphology of the CS sheets and spheres, and the bone cement
surfaces were studied by scanning electron microscopy (SEM,
JEOL JSM-6490LA, Musashino, Tokyo, Japan). Samples were
gold sputtered before examination under an acceleration
voltage of 20 kV.

Thermal characterization

Thermogravimetric analysis (TGA, TA Instruments Q50, United
States) technique was used to study the thermal degradation of
the control and experimental bone cements. The heating ramp
used was 20 �C min�1 from room temperature to 550 �C under
N2 atmosphere.

Mechanical characterization

Mechanical compression and exion tests were performed
following ISO 5833 for acrylic bone cement.23 The samples were
prepared by compression moulding with a hydraulic press
(Carver 4389, United States) of 1000 psi at room temperature,
and the Teonmould dimensions were dened by the standard.

Compression test. According to ISO 5833, 5 cylindrical
specimens of each formulation of ABCs were tested 24 hours
aer forming. The test was performed with a universal testing
machine (Tinius Olsen-H50KS, USA) at a head speed of 20
mm min�1 with a load cell of 50 kN.

Flexural test. According to ISO 5833, 5 rectangular specimens
of each formulation of ABCs were tested 24 hours aer prepa-
ration. The four-point exion test was performed with
a universal testing machine (Tinius Olsen-H50KS, USA) at a 5
mm min�1 head speed with a cell load of 10 kN, and a distance
between internal supports of 20 mm and external supports of 60
mm. The bending module and strength values were calculated
according to the international standard.23

Hydrolytic degradation assay

ABC immersion for two months in simulated body uid (SBF)
prepared according to the Kokubo and Takadama method was
used to evaluate hydrolytic degradation.24 SBF was stored in
plastic bottles at a temperature between 5 and 10 �C, and used
within less than one month. During immersion, the pH of the
solutions, absorption, and weight loss of the samples were
analysed.

According to ASTM F 1635, 5 samples of each formulation of
ABCs were incubated at 37 �C for 24 hours before SBF immer-
sion, and stored in an incubator (Memmert IN 110, Germany) at
37 �C. The buffer was replaced every week, except for the pH
variation determination tests. Absorption and weight loss were
calculated from water uptake (eqn (2)) and weight loss (eqn (3)),
respectively:
31158 | RSC Adv., 2020, 10, 31156–31164
Water uptake ð%Þ ¼
�
Wh �Ws

Ws

�
� 100 (2)

Weight loss ð%Þ ¼
�
Ws �Wi

Wi

�
� 100� ð�1Þ (3)

whereWh is the wet weight of the sample,Ws is the dry weight of
the sample aer SBF immersion, and Wi is the initial weight of
the sample.
In vivo biomodel assay

An in vivo biomodel assay was performed to study the compat-
ibility between the cements and the biomodel tissues. CS
cement samples with different morphologies (three replicates
per formulation) and a BioMend® commercial porcine collagen
as a control sample (ZIMMER BIOMET, Miami, FL, USA) were
implanted. 3 samples of each formulation of ABCs of 10 mm
diameter and 2 mm thickness were implanted in the subdermal
tissue of three adult Wistar rats. The preparations consisted of
a dorsal incision in accordance with the ISO 10993-6 standard.25

Aer 30 days of implantation, the samples were xed in
buffered formalin, dehydrated in ascending concentration
alcohol solutions (70%, 80%, 95% and 100%), diaphanized with
xylol and inltrated with paraffin. Aer that, the samples were
cut at 4 mm using a Thermo Scientic™ Histoplast Paraffin™
and an Autotechnicon Tissue Processor™ (Leica Microsystems,
Mannheim, Germany).

Hematoxylin and eosin technique and Masson's trichromacy
technique were used for histological analysis of the samples.
Image analysis was performed with a Leica DM 750 microscope
containing a Leica DFC 295 camera, and Leica Application Suite
version 4.12.0 (Leica Microsystems, Mannheim, Germany) was
used. The macroscopic images were taken with a Samsung
Dv150f Used 16 mp digital camera. For SEM interpretation,
samples were dehydrated in ascending alcohol concentration
(70%, 80%, 95% and 100%). Finally, to add conductivity, they
were coated in a copper bath and analysed with a scanning
electron microscope (JEOL JSM-6490LA, Musashino, Tokyo,
Japan).

All animal procedures were performed in accordance with
the Guidelines for Care and Use of Laboratory Animals of the
Faculty of Medical Sciences of the Universidad del Valle, and
approved by the Animal Ethics Committee of the Universidad
del Valle by means of the CEAS 001-016 certicate.
Results and discussion
Optimization of the loading amount of PMMA and CS was
necessary for each experimental design model

In the optimization charts (Tables S1 and S2,† notes), the best
combination of input variables (X1: PMMA, X2: CS) was
assessed, and an additional process variable was selected for
the case of sheet design (size 1). Initially, the ratio of PMMA and
CS was evaluated to maximize the compress strength, corre-
sponding to 88% PMMA and 0% CS, which resulted in
a strength of 107 MPa for both designs (Fig. S1, S2 and S3†).
This journal is © The Royal Society of Chemistry 2020
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Fig. 1 SEM images at 30�: (a) CS Sheets, (b) CS spheres, and bone
cement images at 40�: (c) control sample, (d) sample with 7 wt% of CS
sheets, (e) sample with 17 wt% of CS spheres.
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Optimization charts offer the ability to modify factor values
conveniently. In the sheet design, by increasing the CS content
to 0.0764 with a fraction of 0.8036 PMMA, the model predicted
a compression strength of 90.60 MPa with the predictability of
D-1 (Fig. S3, ESI le†). On the other hand, in the case of the
sphere design, the increase in CS content to 0.17 CS and
a fraction of 0.71 PMMA predicted a compression strength of
95.65 MPa with the predictability of D-1 (Fig. S4, ESI le†). The
compression strength values obtained are higher than the
minimum required by ISO, which is 70 MPa.23

Chitosan itself has low mechanical strength, so when added
to an acrylic matrix, mechanical strength will inevitably be
compromised.26

However, when working with chitosan sheets, the mechan-
ical behaviour is drastically affected due to the angular
morphology of the particles. In addition, these have a smaller
particle size than CS spheres (Fig. 1a and b). Thus, it is possible
for the CS sheets to disperse in a more homogeneous way, so
there will be more points acting as a stress concentrator.17,27

When the CS spheres have a regular morphology and a particle
size that is greater than 1 mm, it is possible to increase the
amount of CS load without drastically compromising the
mechanical behaviour with these characteristics. However,
there is a maximum amount of CS spheres to add. If too many
spheres are added, the matrix could be split apart by the pres-
ence of spheres, decreasing the mechanical properties.19

Therefore, the formulations for working were the control
(without CS), a sample with 7 wt% of CS sheets and a sample
with 17 wt% of CS spheres.
Fig. 2 Thermal analysis recorded for bone cements. (a) TGA curves, (b)
DTGA curves.
Morphology studies

The morphology of the CS sheets, CS spheres and bone cements
are shown in Fig. 1. The irregular and angular shape of the CS
sheets (Fig. 1a) and the regular shape of the spheres (Fig. 1b)
can be appreciated. Introduction of CS into the cement bulk
increased the porosity of the PMMAmatrix, especially for the CS
sheets (Fig. 1d) with an average pore size of 70–80 mm. Cement
with CS sheets presented a homogeneous distribution (Fig. 1c),
when analysed by SEM. The cement with CS spheres also
showed good dispersion inside the PMMAmatrix, together with
small gaps around the spheres (Fig. 1d). According to Tan et al.,
This journal is © The Royal Society of Chemistry 2020
the CS particles have a weak interaction capacity with the PMMA
cement matrix, supported by hydrophobic physic interactions.
For this reason, gaps can be formed between the CS particle and
the polymer matrix, favouring the porosity of cement during the
setting process.16
Thermal characterization

Fig. 2a shows the TGA curves for the control samples (without
CS), samples formulated with sheets, and samples formulated
with CS spheres. There was a weight loss of 5% around 250 �C.
This weight loss corresponds to the desorption of physically
adsorbed water on the sample surfaces.28 Aer this tempera-
ture, the weight loss curves become increasingly pronounced up
to a temperature of 450 �C for samples with CS sheets and
spheres, and at 470 �C for the control sample. Therefore, it can
be said that CS decreases the thermal stability of the bone
cements. Other authors have reported similar thermal behav-
iour by adding chitosan to ABCs.17

Besides, according to the DTGA curves (Fig. 2b), the presence
of CS in the bulk induces a decrease in temperature for the
maximum rate of decomposition (Tmax) from 418 �C for the
control cement to 397 �C and 399 �C for the CS sheets and CS
spheres, respectively. Previous studies indicate similar behav-
iour relative to the control sample.29

This thermal behaviour can be explained by the fact that
PMMA loses stability at high temperatures of around 330 �C,
RSC Adv., 2020, 10, 31156–31164 | 31159
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Table 2 Compression and flexural modulus values� standard deviation obtained for experimental bone cements. Control (sample without CS),
(sheets) sample with 7 wt% of CS sheets, (spheres) sample with 17 wt% of CS spheres

Sample Compressive strength (MPa) Flexural strength (MPa) Flexural modulus (MPa)

Control 108.68 � 1.1 50.97 � 2.1 2422.83 � 215.9
Sheets 94.08 � 1.8 34.25 � 0.76 2113.76 � 375.5
Spheres 93.32 � 1.9 26.34 � 0.72 2068.23 � 447.1
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which leads to depolymerization by chain scission at the same
temperature range where CS decomposes. This produces vola-
tile compounds, and thus accelerates the bulk decomposition
and affects the thermal stability.28,30
Mechanical characterization

The mechanical properties of bone cement were evaluated
using compression and bending strength measurements.

Compressive test. The results of the compressive strength of
experimental bone cement are shown in Table 2. The values
obtained from the compression strength are in agreement of
ISO 5833 standard (>70 MPa).23 The compressive strengths ob-
tained were 108.68 � 1.11 MPa, 94.08 � 1.78 MPa and 93.32 �
1.93 MPa for the control, sample with CS sheets and sample
with spheres, respectively. By adding 17 wt% of CS spheres,
a strengthening in compression behaviour was obtained for
cements similar to that obtained by adding 7 wt% of CS sheets.
This behavior can be explained because the CS spheres have
a regular morphology unlike CS sheets, which are more irreg-
ular. Therefore, CS sheets reduce the mechanical properties
because the edged ake shape facilitates the propagation of
cracking with a cumulative effect of the effort.17

Flexural strength test. Flexural strength values recorded for
experimental bone cements are shown in Table 2. Samples
containing CS did not reach the minimum value required by the
ISO 5833 (>50 MPa). However, the recorded exion module did
meet the requirements (>1800 MPa).23 It was observed that the
presence of CS in the cement formulation resulted in
Fig. 3 Water absorption for experimental bone cements: control,
cements with 7 wt% of CS sheets, and cements with 17 wt% of CS
spheres. Collection time-points are represented by dots and standard
deviation.

31160 | RSC Adv., 2020, 10, 31156–31164
a reduction of 47% in the exural strength when incorporated
in the form of spheres, and almost 31% when included in the
form of sheets. A similar behavior occurs when analyzing values
obtained from the exural module. The results between the
cements demonstrated that the differences in the exural
strength are low, as compared to the differences in the CS
content (7 wt% for CS sheets and 17 wt% CS spheres,
respectively).

According to the mechanical characterization, the addition
of a higher amount of CS spheres is possible without affecting
the mechanical properties.

Hydrolytic degradation evaluation

A water absorption and hydrolytic degradation test was per-
formed to determine the behaviour of experimental cements in
SBF, which contained ion concentrations almost equal to those
of human blood plasma.24 Fig. 3 shows the water uptake
capacity registered for the control and CS containing cements
over time. Cements with CS spheres showed a higher absorp-
tion capacity than CS sheet samples, and CS sheets-based
cements were likewise higher than the control group. This
trend can be explained due to the presence of CS increasing the
hydrophilicity of the bulk and partial solubility in SBF, facili-
tating the formation of interconnected pores and the entry of
SBF.9 Samples with CS spheres have a higher absorption
capacity because their CS weight content is higher (17%), with
a superior contact surface than the content of samples con-
taining sheets (7%). Absorption values found at week eight of
Fig. 4 Weight loss percentage for experimental bone cements:
(standard) control sample (without CS), (sheets) sample cements with
7 wt% of CS sheets, and (spheres) samples with 17 wt% of CS spheres.
Collection time-points are represented by dots and standard deviation.

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 pH change of bone cements after eight weeks of introduction
in SBF (control), control sample (without CS), (sheets) sample with
7 wt% of CS sheets, (spheres) sample with 17 wt% of CS spheres.

Fig. 7 Micrographs (200�) of the surface of bone cement implanted
in the subdermal region of Wistar rats after 30 days of implantation: (a)
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immersion were 4%, 6%, and 9% for the control samples,
sheets and spheres, respectively, in accordance to other authors
reporting similar water absorption values for conventional
acrylic cement.17

Analogously, Meng et al. reported new cements containing
CSmicrospheres showing an increased internal macro-porosity,
leading to a higher degradability of cements.19 Fig. 4 shows the
behavior of experimental cements, where the CS spheres
showed a higher weight loss than cements containing CS
sheets, followed by the control group. Aer eight weeks of
immersion in SBF, the calculated values of weight loss deter-
mined for the experimental cements were: 0.07%, 0.34%, and
0.45% for control samples, CS sheets, and CS spheres, respec-
tively. Therefore, it is expected that a higher water uptake and
enhanced degradability of CS-containing cements may facilitate
the creation of a network of interconnected pores and macro-
pores, promoting cell growth and nutrient transport,
Fig. 6 SEMmicrographs at 100� of experimental bone cements immers
7 wt% of CS sheets. (c) Sample with 17 wt% of CS spheres.

This journal is © The Royal Society of Chemistry 2020
degradation capacity, and bone formation within the bulk
material.17,27,31

In addition, the pH measurements in hydrolytic media
showed differences between experimental groups, as observed
in Fig. 5. The control group presented a pH drop from 7.4 to 6.6
during the second week. From this time, the value remained
relatively stable. In a similar trend, CS-containing cements also
showed a drop in the pH value, reaching values of 6.8 and 6.9 for
cements prepared with CS sheets and CS spheres, respectively,
aer two weeks. During this stage, it is expected that chito-
oligomers, which are degradation products of chitosan, will
be generated, such as 1,4-linked D-glucosamine and partially
1,4-linked N-acetyl-D-glucosamine. Studies reported that the
degradation products of chitosan have signicant potential due
their wide bioactivity, and antibacterial and antifungal
activity.32,33 Aer this time, the pH values of these three groups
were slightly raised up to values of 6.7, 6.9, and 7.0, for the
control, CS sheets and CS spheres cements, respectively,
according to ASTM F1635 and other authors for in vivo
implantations.34,35

Morphological analysis of bone cement aer hydrolytic
degradation. Fig. 6 shows the SEM images of experimental bone
cement aer SBF immersion during one, four, and eight weeks
ed in SBF for 1, 4, and 8 weeks. (a) Control (without CS), (b) sample with

control group, (b) cement with chitosan spheres, and (c) cement with
chitosan sheets.
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Fig. 8 Biomodel ABC implantation: (a) with hair, (b) after the shaving
process, (c) encapsulated area.
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of immersion. The SEM morphology of bone cement conrmed
the results reported in other investigations,17,27 in which the
incorporation of CS accelerated degradation and increased
porosity from the surface to the bulk. It has been reported that
this type of behavior facilitates bone integration and tissue
regeneration.19,31
Fig. 9 Hematoxylin and eosin (H&E) staining images of samples
implanted for 30 days in the subdermal tissue of Wistar rats: (a) and (b)
collagen control; (c) and (d) control cement; (e) and (f) cement with CS
spheres; (g) and (h) cement with CS sheets. (a), (c), (e) and (g) 4�
images; (b), (d), (f) and (h) 10� images. E: epidermis. D: dermis. M:
muscle. H: hypodermis. IZ: implanted zone. FC: fibrous capsule. II:
inflammatory infiltrate.

31162 | RSC Adv., 2020, 10, 31156–31164
In vivo biological studies

Fig. 7 shows the SEM images of the experimental bone cement
implanted in subdermal tissues for 30 days. For CS-containing
surfaces, it can be observed that the chitosan spheres were
embedded (Fig. 8b), and the surface was rougher. This would
facilitate tissue colonization once implanted in the spinal canal
of the femur bone.

Aer 30 days of subdermal implantation, the implanted
areas showed a normal appearance: during the macroscopic
examination, the formation of new hair and the absence of scars
and stulous tracts were observed in the eld of the incisions.
On the other hand, aer sample recovery, it was appreciated in
the inner area of the skin that the material was encapsulated
without allergic reaction or pus formation (complete healthy
recover).

Fig. 9 shows the microscopic images of the implanted area
with a so tissue brous capsule surrounding the material.
Collagen discs of 5 mm diameter and 2 mm thickness were
Fig. 10 Images of Masson's trichromacy staining of cement samples
implanted for 30 days in the subdermal tissue of Wistar rats: (a) and (b)
collagen control; (c) and (d) control cement; (e) and (f) cement with CS
spheres; (g) and (h) cement with CS sheets. (a), (c), (e) and (g) 4�
images; (b), (d), (f) and h) 10� images. E: epidermis. D: dermis. M:
muscle. H: hypodermis. IZ: implanted zone. FC: fibrous capsule. II:
inflammatory infiltrate.

This journal is © The Royal Society of Chemistry 2020
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inserted as the control samples. Healthy tissue architecture was
observed with no remaining material. In addition, the content
was not visible and the presence of abundant inammatory
inltrate (labeled as II in Fig. 9 and 10) was found in the
implantation area (labeled as IZ in Fig. 9 and 10). Similarly, the
presence of inammatory inltrate was observed in the area of
the control cement (Fig. 9c and d) and experimental cements
(Fig. 9e–h), showing a higher density of inammatory inltrate
in the area (labeled as IZ in Fig. 9 and 10), corresponding to the
control material (collagen, Fig. 10b). These images support the
idea that the ABCs-incorporating CS spheres and CS sheets are
not negatively affected by CS introduction, and thematerials are
also degraded.

On the other hand, to conrm the presence of a brous
capsule around the cements and achieve an understanding of
the composition of that brous capsule, trichromacy Masson's
stain technique was carried out (Fig. 10). In general, it is
observed that all materials were surrounded by a brous
capsule (FC) consisting mainly of type I collagen, which is
a normal response due to the body's reaction to the presence of
a foreign body.36 Remarkably, no immune responses were
observed, demonstrating a biocompatibility of the cements in
the subdermal tissues. This observation demonstrates that the
introduction of CS spheres or CS sheets does not negatively
affect the compatibility of cements, while the reabsorption
process is like the collagen control.

Conclusions

Addition of CS sheets and CS spheres demonstrated that changes
in the morphology induced changes in the cement properties.
Addition of higher amounts of CS spheres (17 wt%) is compa-
rable to the addition of CS sheets (7 wt%) in compressive and
exuralmodulus, which could be explained for a superior contact
surface for spheres. On the other hand, morphology studies
demonstrated that CS sheet incorporation introduced more
porosity to the cements than CS spheres. This is probably due to
a better distribution of the lower size of CS spheres particles into
the cement. For the hydrolytic degradation, CS introduction
promoted the water absorption and degradation. Cements
including CS spheres presented higher water absorption and
weight loss, indicating a faster degradation process due to
a bigger CS loading in the cements, as compared to CS sheets.
SEM also evidenced cement porosity on the implanted samples.
The high porosity degree will facilitate the cell adhesion and
colonization in tissue engineering applications. H&E andMasson
trichromacy stains demonstrated that cements were protected
during the implantations by type I collagen tissue, and indicative
of a healthy absorption and healing of the implantation process.
All of the results demonstrate that controlling the CSmorphology
will introduce porosity and positive changes in the reabsorption
process without negatively affecting the mechanical and thermal
properties of cements.
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