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Abstract The present research work is an in vivo study that aimed to evalu-
ate the potential role of bioglass—chitosan (BG—CS) and bioglass—chitosan—
20%ciprofloxacin (BG-CS-20Cip) in antioxidant profile and osteointegration. These
scaffolds were implanted in the defect bone of femoral condyles in ovariectomized
rats. The treatment with BG—CS-20Cip has shown a significantly higher stress pro-
teins concentration in comparison with that implanted with BG—CS group. The thiol
and vitamin C in BG—-CS-20Cip group were significantly enhanced when compared
with those in BG-CS group. The histological and physicochemical analyses high-
light the BG—CS implications in the bone construction. This property was found to
decrease with the presence of ciprofloxacin that caused the delay of this phenom-
enon. ICP-OES has revealed that the introduction of this antibiotic to the composite
led to decrease bone mineralization by evaluating Ca/P ratio. The SEM results have
confirmed a progressive degradation of BG—CS and BG-CS-20Cip. However, such
bioresorbability and bioactivity of BG—CS was proven to be faster than those of
BG-CS-20Cip. Therefore, the incorporation of ciprofloxacin in BG—CS was char-
acterized by a delaying effect of composite dissolution and the formation of apatitic
phase. The development of BG—CS as a therapeutic biomaterial protector against
oxidative stress is likely to make an effective choice for the application in tissue
engineering.
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Introduction

Tissue engineering (TE) is a quite new interdisciplinary field of science, involving
cell biology, biomaterial science and medicine. It aims to regenerate damaged tissue
and/or promote the growth of new tissues using biomaterials alone or in combina-
tion with biopolymers and antibiotics [1].

In the last couple of decades, significant advances in the development of bio-
material-based scaffolds for hard and soft tissue regeneration have been achieved,
including the manufacture of biocomposites that combine natural or synthetic poly-
mers with bioactive glasses or glass—ceramics. These novel biomaterials offer the
possibility of tailoring a variety of parameters and properties such as degradation
kinetics, mechanical properties, and chemical composition according to the intended
application [2]. This approach involves the use of a biodegradable substrate, called
scaffold for cell attachment, proliferation, migration, differentiation to ultimately
support the formation of new bone tissues [3]. Bioglass (BG) is well-known for its
ability to regenerate or repair bone defects due to its excellent osteogenic bioactivity
in stimulating the proliferation and osteogenic differentiation of osteoblastic cells
or stem cells, and in promoting the mineralization of the extracellular matrix [4].
To improve the reactivity of bioactive glass, it is necessary to combine them with
those chitosan. This natural polymer has free amine groups and, therefore, possesses
positive ionic charges, thus facilitating its chemical binding with negatively charged
proteins and macromolecules such as glycosaminoglycans and proteoglycans [5].
This ability of chitosan to combine with other materials has allowed its use for the
development of a wide range of scaffolds. This polymer that belongs to the group of
semi-synthetic cationic polymers with cyclodextrin, dextran, cellulose often retain
their biodegradability. Aside from the introduced cationic functionalities, polymers
such as cationic dextran or chitosan possess additional hydroxyl as well as alde-
hyde groups, which are suitable for functionalization. The hydroxyl functionalities
are easily accessible, although such polymers possess a definite 3D structure that
is mainly based on the character of the glycosidic bond. Utilizing these function-
alities, the cationic polymers can be acylated or alkylated to introduce additional
properties or functional groups. Cellulose and chitosan have been proven to have
antibacterial activity [3]. In fact, chitosan is the only positively charged, naturally
occurring polysaccharide [4]. It is important to mention that chitosan is poorly solu-
ble at physiological pH and it readily swells in aqueous solutions such as cellulose,
resulting in rapid drug release in its application as a continuous matrix for controlled
drug release [5, 6]. This biopolymer presents higher biocompatibility than polyeth-
ylenimine, poly(L-lysine), polyamidoamine. Actually, these materials can regenerate
many organ tissues such as bone, liver, cartilage skin as well as neural and vascular
tissues [7, 8].

Ciprofloxacin is a fluoroquinolone derivative, widely used in osteomyelitis thanks
to its bactericidal effect on all the probable osteomyelitis pathogens [9]. Antibiotics
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cause various side effects when used systemically. To avoid such effects, we must
synthesize composites containing this drug, and aiming local treatment in vivo,
while evaluating their oxidative stress profile and their mineralization in the femoral
condyle of ovariectomized rats. The implant/drug combination or implant materials
with antibacterial properties would represent an excellent approach for the preven-
tion of potential postoperative infections.

For this reasons, this work aimed to study the influence of incorporated cipro-
floxacin in BG(M)-PVA activity, to investigate both its biocompatibility behavior,
by the evaluation an oxidative stress phenomena which is an important parameter
to evaluate the tissue regeneration process by the crucial role of osteoblasts (which
caused the antioxidant enzymes) and osteoclasts (which caused the reactive oxygen
species), and its degradation after its implantation in ovariectomized rats [10]. In
fact, the remains of biomaterial and newly formed bone can well be differentiated
from the histological slices [11]. Physicochemical techniques (ICP-OES and SEM)
were engaged to highlight the influence of antibiotic on the structure, porosity and
bioactivity of a porous glass—PVA before and after implantation [12].

Materials and methods
BG-CS synthesis of bioactive glass by melting technique

The bioactive glass 46S6 (BG) powder was synthesized by melting process. The
used materials were calcium silicate (Alfa Aesar, molecular weight=233-250 g/mol,
Germany), trisodium trimetaphosphate (molecular weight=305.9 g/mol, Sigma,
Germany) and sodium metasilicate pentahydrate (molecular weight=212.1 g/
mol, Sigma, Germany). It was mixed by a mechanical mixer for 1 h. The batch was
melted in a platinum crucible Rh—Pt through the following firing regime [11] heat-
ing to 900 °C/1 h at a rate of 10 K/min, firing at 1350 °C/3 h at a rate of 20 K/min.
The melted glass was poured into a preheated die at 500 °C near the glass transition
temperature. The resulting bioactive glass was crushed and ground in a mechanical
agate mortar and sieved to a grain size of less than 63 pm.

BG-CS and BG-CS-20Cip composites preparation

BG-CS composites scaffolds were prepared by freeze—drying [12]. First, chitosan
(CS) (ALDRICH, medium molecular weight, Germany) was dissolved in acidi-
fied water using acetic acid (Analar Normapur, molecular weight=60.05 g/mol,
Germany) at room temperature (25 °C) for 3 h using a polymer concentration of
3%. The dissolved CS was normalized by the addition of a few droplets of sodium
hydroxide solution until white precipitate was achieved. After the removal of this
precipitate, the 50% of BG was added to the CS solution and continuously stirred
overnight using a magnetic stirrer to ensure a better (homogenous) distribution of
BG particles to form BG-CS composite. A concentration of 20% ciprofloxacin was
added to the above mixture and stirred continuously for 1 h to form BG-CS-20Cip.
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This second scaffold was casted in 24 well plates and kept at — 18 °C overnight and
freeze—dried for 24 h. Then, it was removed from the well plates and kept in the des-
iccator for future analysis.

Animal model

Female Wistar rats (aged 18-20 weeks) were delivered from the Central Pharmacy
of Tunisia. The experiment was carried out in the animal house of the Faculty of
Sciences of Sfax, University of Sfax, meeting the international conditions of “ethics
of animal experimentation”: surface, dimensions of cages, ventilation, air condition-
ing, temperature, humidity, light cycle darkness, treatment isolation and sacrifice-
sampling. The rats were acclimatized to their new environment for 10 days before
the beginning of the study and fed on a pellet diet (Sicco, Sfax, Tunisia) and tap
water ad libitum. All the animals were kept under climate-controlled conditions
(25 °C; 55% humidity; 12 h of light alternating with 12 h of darkness). All rats were
randomly divided into four groups (24 animals per group):

e Group I: used as negative control (T); which were neither ovariectomized nor
implanted. Sixty days after bilateral ovariectomy, the rats developed the bone
disorder, and thus could be used as the animal model for osteoporosis:

e Group II: used as positive control (T*); with ovariectomy and without a surgical
creation of bone defects.

e Group III: the bone defects were implanted with BG—CS.

e Group IV: the bone defects were implanted with BG-CS-20Cip.

Surgical and postoperative protocol

All surgical interventions were performed under general anesthesia in aseptic con-
ditions Anesthesia was induced with chloral hydrate (3.5 g/100 ml) depending on
the body weight. Indeed, the injected volume was 0.4 ml for 100 g. The preopera-
tive preparation of the surgical sites was routinely carried out by cleaning with 96%
alcohol and antiseptic solutions (PROLABO; AnalaR Normapur®, France). The
resulting bone defects were irrigated profusely with physiological saline solution
(0.9 wt% NaCl; Ref. 091214, Siphal, Tunisia) to eliminate bone debris. A drilled
hole of 4 mm in diameter and 5 mm in depth was created on the lateral aspect of the
femoral condyle using a refrigerated drill to avoid necrosis. Scaffolds prepared in
molds were cut with the same dimension of the burr holes and then implanted. The
drill-hole was filled with 10 mg of implants. The filling was done carefully and ret-
rogradely to ensure both minimal inclusion of air bubbles and direct implant—bone
contact. The closure of the wounds was performed in layers (i.e. fasciae and the
subcutaneous tissue), using resorbable material (Vicryl 3/0; Ethicon, Germany) in
a continuous manner. After the surgical intervention, all rats received subcutaneous
analgesia (carprofen 10 mg/kg I CRimadyl®) for three postoperative days, and they
were allowed unrestricted mobility. During this period, they were checked daily for
clinical lameness or other complications. On days 15, 30, 60 and 90 after implants
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insertion, all rats were sacrificed and specimens were harvested for biological and
physicochemical evaluation. At the end of treatment, 24 animals from each group
were rapidly sacrificed by decapitation to avoid stress. All samples of bone marrow
were extracted from different groups (T, T, BG—CS and BG—CS-20Cip). To verify
the correction of oxidative stress, we should compare the groups implanted versus
the negative and positive controls. These bones marrow were removed and homog-
enized (10% w/v) with an Ultra Turrax homogenizer in ice-cold, 1.15% KCI 0.01 M
sodium, potassium phosphate buffer. Homogenates were centrifuged at 10,000xg
for 20 min at 4 °C. The resulting supernatants were used for immediate lipid per-
oxidation and protein oxidation determination. Homogenate aliquots were stored at
— 80 °C for further biochemical assays. Other parts of these livers were fixed and
processed for paraffin sectioning and histological studies.

Oxidative stress measurements
Preparation of cytosolic extracts

Bone marrow samples were ground in 2 ml TBS with pH 7.4 using an Ultra-Tur-
rax homogenizer. After homogenization, the tissue homogenate was centrifuged at
9000 rpm at 4 °C and for 25 min to recover the supernatant: the cytosolic extract
was used for the various assays.

Oxidant stress markers in bone marrow

— Determination of protein carbonyl (PC) levels: protein carbonyls (PCO) were
measured using the method of Reznick and Packer [13]. Briefly, 100 pl of cyto-
solic extract was placed in glass tubes. Then, 500 pl of 10 mM 2,4-dinitrophe-
nylhydrazine (DNPH) in 2N HCl was added. Tubes were incubated for 1 h at
room temperature. Samples were vortexed every 15 min. Then, 500 pl TCA
(20%) were added and the tubes were left on ice for 5 min followed by centrifu-
gation for 10 min. The protein precipitates were collected. The pellet was then
washed twice with ethanol-ethyl acetate (v/v). The final precipitate was dis-
solved in 600 pul 6 M guanidine hydrochloride solution and incubated for 15 min
at 37 °C. The absorbance of the sample was measured at 370 nm. The carbonyl
content was calculated based on the molar extinction coefficient of DNPH
(e=2.2x10%* cm™ M™') and expressed as nmol/mg protein [13].

— Determination of advanced oxidation of protein products (AOPP) levels: AOPP
levels were determined according to the method of Kayali et al. [14]. Briefly,
0.4 ml of extract was treated with 0.8 ml phosphate buffer (0.1 M; pH 7.4). After
2 min, 0.1 ml 1.16 M potassium iodide was added to the tube followed by 0.2 ml
of acetic acid. The absorbance of the reaction mixture was immediately recorded
at 340 nm. The concentration of AOPP for each sample was calculated using the
extinction coefficient of 261 cm™' mM ™! and the results were expressed as nmol/
mg protein.
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Determination of antioxidant activities

— Determination of thiol levels: the thiol levels were determined using the
method reported by Ellman [15]. An amount of 500 pl aliquot of the super-
natant was mixed with 10% trichloroacetic acid (1 v/1 v). After centrifuga-
tion, the protein pellet was discarded and free-SH groups were determined in
a clear supernatant. A quantity of 100 pl aliquot of the supernatant was added
to 850 pl of 1 M potassium phosphate buffer and to 50 pl of DTNB (10 mM).
The absorbance of the colorimetric reaction was measured at 412 nm. The
total Thiol content was expressed as umol/mg of protein [16].

— Determination of vitamin C (Vit C) levels: The Vit C determination was per-
formed as described by Jacques-Silva et al. [17]. The protein in the plasma
was precipitated in 10 volumes of a cold 4% trichloroacetic acid solution. An
aliquot of sample (300 pl) was adjusted with H,O to a final volume of 1 ml
and incubated at 38 °C for 3 h, then 1 ml of H,SO, 65% (v/v) was added to the
medium. The reaction product was determined using color reagent containing
4.5 mg/ml dinitrophenylhydrazine and CuSO, (0.075 mg/ml). The data were
expressed as nmol/mg protein [13].

Histological assay

The pieces of controls and implanted bone were fixed in a Bouin solution and
then embedded in paraffin. Sections of 3 mm in thickness were then stained with
Trichrome of Masson (TM).

Inductively coupled plasma optical emission spectrometry (ICP-OES)

After different periods of implantation, the rats were sacrificed and the implants
were excised by a specific equipment of mark DREMEL. Implanted and non-
implanted composites were dried for 24 h at 80 °C, weighed accurately and
placed in 25 ml tubes (0.5 ml of added nitric acid and 24.5 of distilled water). The
standard solutions of Ca, P, Si, and Na were used to prepare the working stand-
ard solution and the blank solution. The element concentrations were detected
using inductively coupled plasma optical emission spectrometry ICP-OES (Ciros;
Spectro Analytical Instrument, Germany).

Scanning electron microscopy (SEM) characterization
Implanted and non-implanted composites were excised by a specific equipment

of mark DREMEL and then analyzed by SEM, using a JEOL JSM 6301F (Tokyo,
Japan).
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Statistical analysis

The data were analyzed using the statistical package program Stat view 20 Soft
Ware for Windows (SAS Institute, Berkley, CA). The statistical analysis was con-
ducted using one-way analysis of variance (ANOVA) followed by Fisher’s protected
least significant difference (PLSD) test as a post hoc test for comparison between
groups. All values were expressed as mean + SE. Differences were considered sig-
nificant if p <0.05.

Results
Ocxidative stress results

The aim of this study was to evaluate the oxidative stress after a bone filling in ova-
riectomized rats and to determine the role of release of ciprofloxacin from bioactive
composite synthesized by melting and associated with chitosan. The evaluation of
oxidative stress profile was performed on the bone marrow and shown in Figs. 1, 2,
3 and 4.

After 60 days of bilateral removal of the ovaries, the analysis of markers of oxida-
tive stress in ovariectomized rats (T*) has an acute stress state following the evalua-
tion of the advanced oxidation protein products (AOPP) and protein carbonyl (PC).
These markers have been used by several authors as indices for the measurement
of osteoclast activity. In parallel, there was a significant decline of the activities of
thiols and Vit C in this group compared with those of control rats. After 15, 30,
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Fig. 1 Variation of PC level in all control and implanted groups. Data represents mean + SD (n=6 for
each group). Values are statistically presented as follows: *p < 0.05 significant differences compared to
controls. *p <0.05 significant differences compared to ovariectomized rats
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Fig. 2 Variation of AOPP level in all control and implanted groups. Data represents mean + SD (n=6
for each group). Values are statistically presented as follows: *p <0.05 significant differences compared
to controls. #p <0.05 significant differences compared to ovariectomized rats
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Fig. 3 Variation of thiol level in all control and implanted groups. Data represents mean + SD (n=6 for
each group). Values are statistically presented as follows: *p <0.05 significant differences compared to
controls. #p <0.05 significant differences compared to ovariectomized rats

60 and 90 days of implantation, the oxidative stress was significantly decreased by
measuring the levels of AOPP and PC in rats implanted by BG-CS compared to
ovariectomized rats. However, after these different periods, the rats implanted by
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Fig. 4 Variation of Vit C level in all control and implanted groups. Data represents mean + SD (n = 6
for each group). Values are statistically presented as follows: *p <0.05 significant differences compared
to controls. #p <0.05 significant differences compared to ovariectomized rats

BG-CS-20Cip showed slight decreases of these markers. The control of antioxi-
dant concentrations seems to be particularly important for the preservation of cellu-
lar integrity. During the treatment, a significant evolution of these antioxidants was
reported for rats implanted by composite without ciprofloxacin. Nevertheless, this
evolution is less important for the rats implanted by composite containing 20% of
the antibiotic (BG—-CS—20Cip), possibly due to free radicals generated. The intro-
duction of ciprofloxacin in the composite delays oxidative stress correction and,
therefore, retards the mineralization and bone formation (later confirmed by the his-
tological study).

Histological results

The histological examination on bone parts without previous decalcification, cut and
stained with Masson’s trichrome can track different aspects of bone tissue before
and after implantation with BG-CS and BG-CS-20Cip (Fig. 5). The bone negative
control T shows a highly mineralized aspect, against the positive control T+ which
is characterized by the presence of thin spans. In our study, the implants were all
retained in bone defects and no signs of toxicity could be observed after 30 days.
The loss of bone defects treated with BG-CS implants has demonstrated a more
advanced healing than those treated with BG—CS-20Cip. Mineralized tissue was
more abundant in the case of BG-CS than in that of BG-20Cip. This mineraliza-
tion was initiated by a fibrocartilage tissue. Nonetheless, a structural alteration in
the general organization of the femoral condyle treated with BG-CS-20Cip was
reported. Ciprofloxacin allows the appearance of invasive implant fibrosis spans
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Fig. 5 Stained histological sections by Masson Trichrome (x200) of the control negative T (a) positive
T* (b) bone, of BG-CS after 30 (¢) and 90 (d) days of implantation and of BG-CS—20Cip after 30 (e)
and 90 (f) days of implantation. & bone, § hematopoietic cells, @ fibrocartilage

causing a reduced osteointegration. After 90 days of implantation, the BG-CS has
proven to generate mature bone tissue, which is better integrated than the other
implant. The bone repair by this implant (BG-CS) is crucial with the appearance of
a normal trabecular bone.

Such composite is a good antiosteoporotic implant, and 90 days of implantation
is a sufficient period to achieve a perfect osteointegration. At the same period, the
BG-CS-20Cip material has different bone growth zones with a less advanced heal-
ing process than BG-CS. The incorporation of ciprofloxacin, thus, causes the delay
of mineralization and consequently osteogenesis.

ICP-OES analysis

The study of the kinetics of degradation of the BG—CS and BG-CS-20Cip com-
posites was undertaken by ICP-OES method. During the first 15 days, the con-
tent of Ca in the BG-CS increases from 124 to 180 pg/g (Fig. 6). However, a
smaller increase of this element was detected in the BG—CS-20Cip (from 110 to
135 pg/g). In addition, the implementation of BG-CS and BG-CS-20Cip com-
posites caused a significant increase in bone phosphorus content (Fig. 7). In fact,
the obtained calcium phosphate ratio was 1.72 and 1.87 for the group implanted
with BG-CS and BG-CS-20Cip, respectively, 60 days after implantation, com-
pared to the control bones with a ratio of 1.69 (Fig. 8). This ratio was stabilized at
normal levels for BG-CS and BG-CS-20Cip, respectively, after 60 and 90 days
of implantation. This is the result of a redistribution of Ca and P, which varied
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Fig. 7 Variation of P in BG-CS and BG-CS-20Cip before and after implantation

after contact between the biomaterials and the biological environment around
them to form an apatite layer showing the progress and bone healing. The latter
is less advanced in the presence of ciprofloxacin. For the evolution of Si in the
BG-CS implant, we observed a highly significant decrease of this element com-
pared to the BG—CS-20Cip, which has very slow kinetics on its biodegradation

@ Springer



5578

Polym. Bull. (2018) 75:5567-5586

35
33
31
2,9

2,7

Ca/P

2,3
21

19

17 ¢t

15

2,5 |

-==T
—— BG-CS

......... BG-CS-20Cip

Before 15d 30d 60d 90d

implantation

Periods of implantation

Fig. 8 Variation of Ca/P ratio in BG-CS and BG-CS-20Cip before and after implantation

0,35

03

0,25

02

Si (ppm)

0,15

01

0,05

\ ‘L. ---T

Y
\ W BG-CS-20Cip

Before 15d 30d 60d 90d
implantation

Periods of implantation

Fig. 9 Variation of Si in BG-CS and BG-CS-20Cip before and after implantation

@ Springer



Polym. Bull. (2018) 75:5567-5586 5579
90
80 "\
70 \
60
E 50 --=T
g \ — BG-CS
2. 20 \ ......... BG-CS-20Cip
30 \\
20 - "
10 b TP
- e ———
0
Before 15d 30d 60d 90d
implantation
Periods of implantation
Fig. 10 Variation of Na in BG-CS and BG-CS-20Cip before and after implantation

X2000 10us X2000

Fig. 11 SEM micrographs of BG-CS and BG—-CS-20Cip before and after implantation: (AQ) BG-CS
before implantation, (A1) BG-CS after 15 days and (A2) 60 days of implantation; (B0) BG-CS-20Cip
before implantation, (B1) BG-CS-20Cip after 15 days and (B2) 60 days of implantation
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(Fig. 9). Na levels are increasingly important with time but the changes between
the two implants are not significant (Fig. 10).

SEM analysis

The morphology of the prepared composite (BG-CS and BG-CS-20Cip) is shown
in Fig. 11A0, BO. BG-CS material shows the association of two forms of bioactive
glass and chitosan particles. The incorporation of ciprofloxacin reveals the appear-
ance of a neighboring stem BG-CS of the particles to form a new biocomposite
which is the BG-CS-20Cip. After 15 days of implantation, an apatite deposit was
detected more abundantly on the surface of these implants in the case of BG—CS than
in that of the BG-CS-20Cip (Fig. 11A1, B1). This phenomenon may be explained
by the presence of close contact between the composite and bone tissue favoring the
beginning of their degradation to the detriment of an apatite deposit. The latter is
delayed with the presence of the antibiotic. In this case, the process of degradation
is very slow. After 60 days of implantation, we noted that the BG-CS surface was
covered with the biological apatite to form a new bone tissue (Fig. 11A2). Never-
theless, the BG-CS-20Cip shows hydroxyapatite crystals with the persistence of a
few fragments of our composite which is gradually resorbed (Fig. 11B2). Hence, the
retarding effect of ciprofloxacin on the formation of the apatite biological layer is
clearly noted.

Discussion

Recently, biotechnology has focused on composite loaded with therapeutic drugs
and generators a dual function for bone matrices. First, these composites are charac-
terized by their effect on the delivery of cells and the growth of new tissues [18, 19]
and second, they are considered as carriers for the controlled delivery of antibiotics
[19, 20]. These therapeutic drugs used in the treatment of bone diseases and admin-
istered locally have more advantages than systemic administration which causes
liver [21, 22] and renal toxicity [23] and the risk of overdose, while increasing their
bioavailability with an appropriate therapeutic concentration to effectively reach the
target site [19, 24].

Recent studies have shown that the implantation of orthopedic devices in vivo
induces a series of toxicological activities such as oxidative stress [25]. We evaluate
the oxidative stress profile in vivo after the implantation of these composites. As an
effect of ovariectomy, a substantial increase in the level of lipid peroxidation and
a significant decrease in the activities of antioxidant enzymes bone were reported
[26-29], which is in agreement with our study. Indeed, the estrogen deficiency was
found to cause osteoclastic hyperactivity by lowering antioxidant defenses osteoblas-
tic cells, thereby increasing ROS [29, 30]. A previous research work has shown that
the increase of the antioxidant defenses in bone marrow is used to stop or slow down
the bone degeneration process [33]. Indeed, the implantation of bioactive glass asso-
ciated with chitosan in ovariectomized rats was proven to reduce the phenomenon of

@ Springer



Polym. Bull. (2018) 75:5567-5586 5581

oxidative stress in the bone marrow. The experimental analysis revealed a significant
decrease in the markers level of lipid peroxidation and a considerable increase in
the activities of antioxidant enzymes in the bone marrow of rats implanted by the
BG-CS compared to ovariectomized rats, which exhibited oxidative stress acute sta-
tus. The dissolved ionic bioglass products (e.g., Si, Ca and P) stimulated the expres-
sion of several genes in osteoblastic cells [34] containing these enzymes. These are
used to suppress osteoclast differentiation [30, 31]. A large variety of molecules,
such as chitosan, provide protection for biological sites, as a result of the elimina-
tion of pro-oxidant molecules and acceleration of fracture healing [32]. Studies have
shown that the chitosan oligosaccharides significantly inhibits the production of sys-
temic levels of pro-inflammatory cytokines TNF-alpha and IL-1p at the tissue level.
The BG-CS implant is well-known to prevent the deleterious effects of oxidative
stress. To effectively fight against oxidative damage, the body has multiple defense
systems such as repair or elimination systems of molecules damaged by ROS. Chi-
tosan also stimulates various antioxidant enzymes that play an important role in
maintaining the cellular redox potential. This administration, therefore, restores a
normal antioxidant status in ovariectomized and implanted rats. The implanted com-
posite BG—CS act as free radical scavengers and react with ROS. In this model, and
in the light of these results, it is clearly seen that this reactivity reports powerful
antioxidants and potential therapeutic agents for the treatment of osteoporosis (con-
firmed by histology analysis).

However, the incorporation of ciprofloxacin in the composite locally induces
oxidative stress at the beginning of treatment. The drug causes significantly higher
levels of lipid peroxidation and a substantial depletion of antioxidant enzymes, due
to their rapid penetration into the bone [33], which is in accordance with the work
of Talla and Veera reddy [34]. Most antibiotics generate ROS to kill bacteria in
the bone [35], thus leading to cellular damage [34]. These free radicals have been
induced by these exogenous chemicals in the direct redox cycle of the agent or its
metabolism by cytochrome P450 [36]. Indeed, with the progress of the implanta-
tion time of BG—CS-20Cip, oxidative stress is reduced with the kinetics of release
of the antibiotic. Our results have been confirmed by other studies that have stated
that the in vivo degradation of the implanted biocomposite increases the release of
ciprofloxacin for having a full salting in 6 weeks [37] causing a stabilization of oxi-
dation state to a level similar to that of normal animals [28]. Ciprofloxacin exerts a
negative effect on the metabolism of collagen type 1 and the signaling proteins of
the cytoskeleton [38]. This causes disturbances in the integrity of the cells, leading
to cell damage/death. Research studies have shown that the fluoroquinolones induce
early stimulation of oxidative metabolism in chondrocytes immature rabbits [34].

In fact, the histological and physicochemical analyses confirm these results.
These data, showing the progression and cell organization in each of the implanted
biomaterials, allow the understanding of the results of bone repair. Combining bio-
glass and chitosan promotes the differentiation of osteoprogenitor cells and facili-
tates bone formation. Chitosan is a highly charged organic molecule that allows the
creation of ionic bonds between the free carboxyl groups of the collagen, negatively
charged, and the amine groups of the glucosamine units of the chitosan, positively
charged [39]. This property seems to be favored by the attraction of growth factors
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through the polycationic properties of chitosan and their capture by gel formation
[40].

At first, immature fibrocartilaginous microcalcifications appeared inside the
implants. With the progress of implantation period, the appearance of trabecu-
lar bone and the increase of osteoblasts were reported. At the end of treatment
(90 days), a formation of large zones of calcification was observed. Consequently,
the inserted implant was invaded by a new bone. Our physiological and physico-
chemical results are proven to be complementary. A high intensity of ions of Ca and
P was detected in the implant without ciprofloxacin because of the increase in its
dissolution rate. A series of physicochemical reactions in the periphery of the mate-
rial leads to a gradual degradation of our implants and its transformation into an
apatite layer [27, 41] following the ion exchange with the surrounding tissue. At the
end of treatment, the low rate of Si, and Na may cause a deposit of amorphous cal-
cium phosphate layer, which can then be crystallized to create a layer apatite. In fact,
the composition of bioactive glass makes the surface of the implant very reactive
when exposed to an aqueous environment, leading to in vitro and in vivo biological
activities [42]. The bioactive glass dissolution of the products has a positive effect
on the expression of genes regulating osteogenesis [42—44]. Besides, chitosan pen-
etrates through endocytosis in osteoclast where they act on different metabolic path-
ways to result in the inhibition or even apoptosis of the cell [45]. The bone bonding
is attributed to the formation of an HA layer, which cooperates with the collagen
fibrils of the damaged bone to form a bond causing the proliferation and attachment
of progenitor cells of the bone cell differentiation and excretion of the bone extracel-
lular matrix, followed by its mineralization [46].

The incorporation of ciprofloxacin in the implant retards osteogenesis, which in
agreement with our previous work changing the chitosan by polyvinyl alcohol [10].
Although the resorption of the implant is made, it is slower than implants without
ciprofloxacin. It has been suggested that the accumulation of ROS stimulates the
apoptosis of human mesenchymal stem cells, and thereafter limits the formation of
adipose tissue as well as bone and cartilage formation. Previous work have shown
that chondrotoxicity caused by fluoroquinolone is a multifactorial event related
to oxidative stress (lipid peroxidation and oxidative DNA damage chondrocytes
and collagen, inhibition of proteoglycan synthesis...) [47, 48]. Other studies have
reported that ciprofloxacin also leads to the reduction of the length of the limbs of
rats [49] because of the inhibition of mitosis in the zone of proliferation. This anti-
biotic has declined with the thickness of the articular cartilage of the femoral con-
dyle through the inhibition of proliferation of cultured chondrocytes and secretion of
the soluble proteoglycans dependently of concentration and time [38]. In addition,
it induces cartilage lesions during certain stages of development by changes in the
morphology of the cytoskeleton. These articular damages were induced following
the formation of the chelate—ciprofloxacin complex, causing a magnesium deficiency
to the cytoskeleton. In fact, the magnesium deficiency could induce arthropatho-
genic effects with cartilage lesions [47]. Therefore, the introduction of ciprofloxacin
causes a loss of bioactivity of the composite to the formation of the apatite layer, and
consequently on bone formation. The advantage of drug incorporation is essential to
treat various bone infections and prevent their propagation throughout the bone [9]

@ Springer



Polym. Bull. (2018) 75:5567-5586 5583

by a retarding effect of the ossification. The introduction of antimicrobial agents in
osteoconductive biomaterials (calcium sulphate, calcium phosphate, hydroxyapatite
or tricalcium phosphate) was used for the local treatment of osteomyelitis [50]. This
shows that the presence of ciprofloxacin with bioactive glass and chitosan leads to
the delay of the formation of the hydroxyapatite layer, and subsequently the ossifica-
tion of the bone. It is worthy to mention that this antibiotic belongs to the fluoroqui-
nolone family that affects the function of osteoblasts in vitro [51, 52]. This family,
except for gentamicin or vancomycin, has also been shown to impair fracture heal-
ing in vivo [52, 53], which is consistent with our results on the delayed ossification.
After the antibiotics’s release, the composite behaves as devoid of drug to be effec-
tive as a material to protect bones against local osteoporosis, and is likely to help
accelerating the healing of damaged bone through the creation of a chemical link.
Then, these composites are proven to support bone growth.

Conclusion

The present paper has shown that, in vivo, BG-CS implant presents an excellent
oxidative balance correction. The association of chitosan with BG is an efficient
strategy for bone repair/antioxidation therapies. Furthermore, a progressive degra-
dation and an accelerated mineralisation were confirmed by histological, ICP-OES
and SEM analyses. However, the introduction of ciprofloxacin in this composite has
been proven to cause a retardatory effect of hydroxyapatite layer formation, and con-
sequently osteogenesis at the beginning of treatment. Nevertheless, the use of anti-
biotics in the implant is crucial to prevent osteomyelitis during the surgical interven-
tion of implantation.
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