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Abstract
Ce-containing bioactive glasses are known to decrease reactive oxygen activities inside the body. That is because of their
excellent catalytic activities which come from the fast interchange of Ce3+/Ce4+ oxidation states. This research was mainly
aimed at preparing new Ce-doped nano-bioactive glasses based on 60SiO2-(10-x)B2O3-25CaO-5P2O5-xCeO2, in mole% (x
= 0 and 5 mol%) as multifunctional bone fillings. Moreover, the glasses were used as a delivery system for ciprofloxacin to
intensely solve the bone infection complications. Nevertheless, there were no previous works studied of the nature
immersing solution effect on the drug release behavior from Ce-doped nano-bioactive glass carriers. Therefore, phosphate-
free and phosphate-containing buffer solutions with/without superoxide species (H2O2) were used to investigate the efficacy
of this drug delivery system in different environment. The results showed that Ce addition enhanced the formation of apatite
layer and cell viability. Moreover, the percentage of released drug was apparently affected by the glass composition and
nature of soaking fluid, specifically, in the media containing superoxide species (H2O2). In conclusion, the prepared Ce-
doped glass nanoparticles illustrated multifunctional bone filling material, but when it intended to be utilized as a drug
delivery system, the nature of surrounding medium have to be taken into consideration.

Graphical Abstract

1 Introduction

Improving the properties and efficiency of bone grafting
materials, generally, and bioactive glasses, specifically, by
adding therapeutic ions (e.g. Fe, Ag, Cu, and Mg), have
become important targets in the bone diseases treatment.
Addition of such ions to the bioactive glasses yielded
multifunctional glass materials. Cerium is one such ther-
apeutic ions. Cerium is a rare earth element; it has drawn the
attention as potential therapeutic dopant in the biomaterials.
Cerium oxide nanoparticles (nanoceria) are one of cerium
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compounds used widely in different biomedical applica-
tions. They have shown a protective cell agent against the
damage resulted from the reactive oxygen species (ROS)
which produced from normal oxygen metabolism [1]. That
is because of their ability to switch between Ce4+ and Ce3
+oxidation states [2]. ROS are byproducts of normal oxygen
metabolism that can cause oxidative damage to macro-
molecules in biological cells. Two dominant ROS, super-
oxide (O2) and hydrogen peroxide (H2O2), are neutralized in
cells by specific enzymes, primarily superoxide dismutase
(SOD) and catalase, respectively. Oxidative stress is the
intracellular imbalance between ROS and the enzymes that
are involved in their detoxification. It has been involved in
several diseases and disorders, including Parkinson’s and
Alzheimer’s disease, cardiovascular disease and even tumor
development [3]. Therefore, there have been several
researches incorporated cerium in different bioactive glasses
to be used as antioxidant bioactive materials [4–13].
However, inclusion of Ce in glasses has altered their cap-
ability to form hydroxyapatite layer in the body fluid. That
is because of an affinity of Ce ions to interact with phos-
phate ions to form insoluble CePO4 crystals, and thus
decrease a possibility of apatite formation [12, 14]. This
made a limitation to increase addition of Ce percentages in
glass compositions. Nevertheless, Ce addition showed a
significant effect to decrease the bioactivity of glasses pre-
pared by melting method, but its effect can be diminished
for sol-gel glasses which was characterized by enormous
surface area and reactivity [7]. Therefore, synthesis of Ce-
doped glasses combines between high bioactivity and
potential catalase mimetic activity is possible by using sol-
gel method.

Moreover, bioactive glasses acquire outstanding bio-
compatibility when boron is included in the glass structure.
Boron is known to affect a variety of metabolic actions,
whereas it interacts with calcium, vitamin D, and magne-
sium, which are important in bone metabolism [15]. It
accumulates in bone in concentrations that depend on the
amount of its consumption [16]. Its deficiency in animals
leads to growth, weakness of bone, and abnormal bone
development [15]. It was found that dietary boron can be
stimulated by bone regeneration of the midpalatal suture in
response to expansion [17]. Also, boron showed remarkable
antibacterial activity against bacteria, yeast, and fungi [18,
19]. Thus, boron has been included into different types of
bioactive glasses prepared either by melting or sol-gel rout.
Where, it enhanced the bioactivity and biocompatibility by
improving hydroxyapatite formation, stimulating angio-
genesis, and enhancing proliferation and expression of
osteogenesis-related genes in osteoblasts [20–23].

Bioactive glasses nanoparticles are a good candidate to
be used as a drug-delivery system due to their extraordinary
surface area and biocompatibility. Appropriately, bioactive

glass carriers have been modified by doping with specific
ions to tailor and make drug release more controllable [24–
28]. However, most of previous studies on Ce-doped glas-
ses only addressed the effect of Ce on the glass structure,
dissolution, antibacterial, bioactivity, biocompatibility, and/
or biocatalytic properties [4–13], and there were few works
concerned with using such glasses as drug carriers [25].
Even the studies dealing with use of Ce-doped glass as drug
carriers did not focus mainly on the influence of soaking
fluid nature on the drug release profile. Although some
studies showed that the oxidative activity and bioactivity of
Ce-containing glasses were affected by the nature of sur-
rounding solutions. For instance, it was found that presence
of phosphate in the immersion fluids decreased the catalase
mimetic activity of ceria nanoparticles and Ce-containing
glasses [12, 29, 30].

Since using of cerium-containing bioactive glasses as a
novel bioactive and drug carriers to treat different bone
diseases, there is an urgent need to study the behavior of the
drug release in the presence of ROS and phosphates species
in the soaking medium, and thus simulating the drug release
in a phosphate-rich and oxidative stress environment. In this
study, we synthesized Ce-doped bioactive glass nano-
particles to deliver Ce ions which are known as excellent
antioxidant ions. As well as, the behavior of antibacterial
drug release from Ce-containing nanobioactive glass carrier
in the presence of ROS was reported. Such carrier was
designed as bone regenerative, antioxidant, and antibacterial
bone filling.

2 Materials and methods

2.1 Glass preparation

Different glass compositions were prepared based on
60SiO2-(10-x)B2O3–25CaO-5P2O5–xCe2O, in mole% (x=
0 and 5 mole%). The glass compositions are represented in
Table 1. The following chemicals with analytical grade used
as received to synthesize glasses by a quick alkali-mediated
sol-gel method [31]. TEOS (tetraethyl ortho silicate), boron
alkoxide, Ca(NO3)2·4H2O, TEP (triyethyl phosphate) and
Ce(NH4)2(NO3)6 (ammonium cerium (IV) nitrate, ethanol
(EtOH), nitric acid (HNO3), and ammonia. In a typical
synthesis of nano bioactive glass (NBG), TEOS was added
to a mixture of 2 M HNO3 and ethanol solution. TEOS:

Table 1 Compositions of the investigated glasses in mole %

Code SiO2 B2O3 CaO P2O5 CeO2

C0 60 10 25 5 –

C5 60 5 25 5 5
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EtOH: H2O was 1: 8: 10 molar ratio. After complete
hydrolysis of TEOS, TEP, Ca(NO3)2·4H2O and ammonium
cerium (IV) nitrate added to the solution, respectively, with
30 min time interval, and the solution left to stir for 4 h.
Concentrated ammonia solution was dropped into the
solution while vigorously stirring. The sol was rapidly
transformed to white gel which stirred mechanically to
avoid the formation of bulk gel. Thereafter, the obtained gel
was dried at 50 °C in the oven for 2 days to remove the
residual water and ethanol. Finally, the dry gel powder was
calcined and heated with a rate of 5 °C/min at 600 °C in air
for 30 min.

2.2 Characterizations

The dry gels were characterized by differential scanning
calorimetry analysis and thermogravimetric analysis (DSC-
TGA) using a Pyris Diamond TG/DTA thermal analyzer
using an airflow of 200 ml min−1 and heating from 35 to
1000 °C at 10 °C min−1, in order to determine the tem-
peratures of getting rid of organic components and nitrates
in the gel, as well as, to determine the glass transition
temperature (Tg) and the crystallization temperature (Tc).
X-ray diffraction (XRD) was carried out using a Philips
PW1390 X-ray diffractometer (U.S.D.). The XRD-patterns
were recorded at room temperature in the 2θ range from 10
to 70° in 0.02° steps counting for 19 s per step using CuKα
radiation (1.5418 Å). Transmission electron microscope
(TEM) was used to investigate particle size and morphol-
ogy. The infrared absorption spectra of bioactive glass
powder samples were analyzed at room temperature in the
wave number range of 4000-400 cm−1 by Fourier trans-
form infrared (FTIR) using JASCO FT/IR-4600. The pre-
pared samples each of 2 mg were mixed with 200 mg KBr
in an agate mortar and pressed into a pellet. For each
sample, the FTIR spectrum was normalized with a blank
KBr pellet.

2.3 In vitro bioactivity test

The in vitro bioactivity assessment was evaluated in simu-
lated body fluid (SBF) which prepared according to Kokubo
and Takadama [32]. The glass samples were shaped in disks
by compressing 0.2 g of glass powder uniaxially in stainless
steel mold with 8 mm in diameter under pressure of 2 MPa.
The disks were immersed in polyethylene bottles contained
SBF. The immersed fluid was completely collected and
replaced by fresh SBF at predetermined times (1, 2, 4, 8,
and 15 days), and the concentrations of the released ions
(Ca, P, and Ce ions) from the samples into the solutions
were measured by using either inductively coupled plasma
atomic emission spectroscopy (ICP-AES) using Agi-
lent5100 Synchronous Vertical Dual View (SVDV)) or

colorimetric kits (BIODIGNOSTIC, Egypt), as well as, the
change of pH of SBF measured as a function of time.
Moreover, the change of samples surfaces before and after
immersion in SBF was investigated by a field emission
scanning electron microscope coupled with energy dis-
persive X-ray analysis; Model Quanta 250 FEG (Field
Emission Gun) attached with EDX Unit (Energy Dispersive
X-ray Analyses), with accelerating voltage 30 KV.

2.4 Biocompatibility test

2.4.1 Cytocompatibility evalution

A human lung fibroblast normal cell line (WI-38 cells) was
propagated in Dulbecco Eagle’s medium (DMEM) supple-
mented with 10% heat-inactivated fetal bovine serum, 1%
L-glutamine, HEPES buffer, and 50 µg/ml gentamicin. All
cells were maintained at 37 °C in a humidified atmosphere
with 5% CO2 and were subcultured two to three times a
week.

The cells were seeded in a 96-well plate at a cell con-
centration of 1 × 104 cells per well in 100 µl of growth
medium. Fresh medium containing different concentrations
of the glass powders were added after 24 h of seeding, and
the incubation was continued for 48 h. Three wells were
used for each concentration of the samples. The numbers of
viable cells yield were determined by the MTT test. Briefly,
the media were removed from the 96-well plate and
replaced with 100 µl of fresh culture RPMI 1640 medium
without phenol red, then 10 µl of the 12 mM MTT stock
solution (5 mg of MTT in 1 mL of PBS) was added to each
well including the untreated controls.

The 96-well plates were then incubated at 37 °C in 5%
CO2 atmosphere for 4 h. Eighty-five microlitre aliquot of
the media was removed from the wells, and 50 µl of DMSO
was added to each well and mixed thoroughly with the
pipette and incubated at 37 °C for 10 min. The optical
density was measured at a wavelength of 590 nm with the
microplate reader (SunRise, TECAN, Inc, USA) to deter-
mine the number of viable cells and the percentage of
viability, calculated as:

ODt=ODcð Þ�100%

Where ODt is the mean optical density of wells treated
with the sample and ODc is the mean optical density of the
untreated cells. The relation between surviving cells and
sample concentrations was plotted. Sample analysis results
were obtained in triplicate from three separate experiments.

The cytotoxicity concentration (CC50), the concentration
required to cause toxic effects in 50% of intact cells was
estimated from graphic plots of the dose response curve for
each concentration using Graphed Prism software (San
Diego, CA,USA) [33].
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2.4.2 Morphological observation of cells

After the end of the incubation period, media were aspi-
rated, and then the cells were fixed with formalin. Crystal
violet (1%) was used to stain the fixed cells, where it was
added to each well for at least 30 min. The cytopathic effect
(morphological alterations) was microscopically detected
using inverted microscope (CKX41; Olympus, Japan). The
cells morphology was examined under light microscope for
normal and treated cells under ×40 lens.

2.5 Antibacterial activity

Gram negative bacteria; Escherichia coli (ATCC 25922)
and Pseudomonas aeruginosa (ATCC 27853), and gram
positive bacteria; Bacillus subtilis (ATCC 6633), and Sta-
phylococcus aureus (ATCC 6538) were used for in vitro
evaluation of the antimicrobial activity. The inoculum was
prepared and the antibacterial activity carried out according
the previous literatures [34–38]. Antibacterial activity was
performed for C0 and C5 glass powders by seeding 50 ml of
bioassay medium (nutrient agar) with 100 µl of cell sus-
pension (contained 1.5 × 108 CFU/ml) of 24 h old test
organisms. Thereafter, 200 mg of the glass powder was
placed on the surface of each seeded plate with tested
organisms, and then placed in the refrigerator for 1 h fol-
lowed by incubation at 37 °C for 24 h, and finally, the zones
of inhibition were measured in mm.

2.6 In vitro drug release study

Ciprofloxacin was used as a drug model. It is a synthetic
broad spectrum fluoroquinolone antibiotic. It is active
against a wide variety of aerobic gram-negative and gram-
positive bacteria. The drug was loaded into glass nano-
particles by immersing 50 mg glass powder in 10 ml of
ciprofloxacin solution (1 mg/ml) for 24 h under stirring.
Thereafter, the powder was collected by filtration by filter
paper and dried at 60 °C. The amounts of adsorbed drug
were determined indirectly by measuring the concentration
of non-adsorbed drug in the solutions and their absorbance
were measured by UV/VIS spectroscopy (UNICO UV2000)
at wavelength 277 nm.

The drug release behavior was studied by immersing 50
mg of glass-loaded drug in 10ml phosphate-free solution
(0.05M tris-HCl buffer, pH 7.4) and phosphate-contained
solution (phosphate buffer saline (PBS), pH 7.4 [39]) to study
the effect of phosphate content on the drug release profile. As
well as, the release was investigated in 0.05M tris-HCl and
PBS contained 0.5M of H2O2 (pH 7.4) to mimic the drug
release in ROS medium. The drug release was evaluated at
37 °C up to 7 days. At each predetermined time (1, 3, 6, 12 h,
1, 2, 3, 5, 7 days), 2 ml of immersed solution was collected

and replaced by 2ml fresh one. The collected solutions were
kept at−20 °C up till the measurement. The concentrations of
released drug were determined by measuring the absorbance
by UV/VIS spectroscopy at wavelength 277 nm and plotting
it on the standard curve.

2.6.1 Drug releasing mechanism

The drug release mechanism was investigated by fitting the
drug release profiles to the Higuchi model. This model was
used extensively to define the diffusion controlled processes
of released drug from the porous carrier [40]. This model is
given by the following equation:

Q ¼ k:t0:5

Where, Q is the percentage of drug released at time t, and k
is the release rate constant.

2.7 Statistical analysis

All experimental data stated in this work were expressed as
the average ± standard deviation (SD) for n= 3 and were
analyzed using standard analysis of Student’s t-test. The
level of significance (p-value) is set at <0.05.

3 Results and discussion

3.1 DTA-TGA

The differential thermal analysis (DTA) and thermogravi-
metric analysis (TGA) of samples C0 and C5 are shown in
Fig. 1. The TGA curves showed that both dry gels under-
went three mass losses in temperature ranges; 80–300, 300–
450, and 450–550 °C for C0, and 20–200, 200–300, and
300–490 °C for C5. The first weight losses corresponded to
endothermic peak in DTA at 128 and 90 °C for C0 and C5,
respectively, which associated with the removal of physi-
cally adsorbed water from the raw material [41]. The second
ones attributed to exothermic peak in the DTA curves at 300
and 282 °C, respectively, due to the loss of organics (i.e.
alkoxyl groups). The third losses represented by endother-
mic peaks at 512 and 518 °C, respectively, corresponded to
the glass transition temperatures and the elimination of
residual nitrates introduced as metal nitrate in the preparation
of the sol [42]. These results confirmed that all residuals
removed before 550 °C for both samples. Therefore, the
temperature of 600 °C was chosen for the stabilization of
two glasses. The final exothermic peaks located on the DTA
curves for C0 and C5 at 743 and 880 °C, respectively, with
no corresponding weight loss were likely due to the crys-
tallization temperatures of glass samples.
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3.2 XRD

The glasses were analyzed by XRD technique after calci-
nation step to determine the formation of any crystalline
phases as a result of this calcination process. Figure 2 shows
the XRD patterns of Ce-free and Ce-doped glasses (C0 and
C5, respectively). A broad hump with weak diffraction peak
at 2θ ~ 32 which was likely attributed to partial crystal-
lization of glass to form calcium silicate, Ca2SiO4 (JCPDS #
29-0369) [43] was observed for C0 glass, which attributed
to the amorphous structure of the silica framework of the
glass. However, weak diffraction peaks were observed at 2θ
28.6, 33.3, 47.0, and 56.4 in case of C5 glass which
assigned to formation of CeO2 crystals, where, these peaks
are characteristic peaks of CeO2 according to JCPDS # 34-
0394. This result was confirmed by TEM analysis, as it was
showed in the following paragraphs.

3.3 TEM

Glass particle sizes and morphology were examined by
TEM analysis. Figure 3a, b presents TEM micrographs of

C0 and C5, respectively. It can be noted from the figure that
both glass powders were exhibited in nano-scale. They
ranged from 10 to 20 nm for C0 glass particles with semi-
spherical shapes, while, the glass particle sizes were
decreased by Ce doping (C5 glass) to be ranged from 6 to
10 nm particles and kept with their semi-spherical shapes.
Nevertheless, now diffraction pattern observed from C0
glass, while, it was noticed from C5 glass in some regions
of glass particle (Fig. 3c) at almost (111), (200), (220), and
(311) crystallographic planes (in accordance with JCPDS #
34-0394). This diffraction pattern was attributed to CeO2

crystalline spheres of about 5 nm in diameter, as confirmed
by XRD analysis. Accordingly, CeO2 was likely phase-
separated and precipitated through the silicate glass network
to form minute spheroids in the glass.

3.4 FTIR

Figure 4 illustrates the FTIR spectra of C0 and C5 glasses.
Si–O–Si bending vibration modes were observed at 466 cm
−1 for both undoped (C0) and Ce-doped (C5) glasses [6].
Whereas, the P-O bending mode was detected at 422 cm−1

[44]. Doublets at 570 and 600 cm−1 were attributed to O-P-
O antisymmetric bending of phosphate group in the form of
crystalline orthophosphate PO3

−4. The orthophosphate
groups in isolated crystalline nano regions weaken con-
nectivity of glass structure and serve as nucleation sites in
SBF [6, 45]. Moreover, the band noticed at 800 cm−1 was
assigned to the O–Si–O bending mode of orthosilicate
SiO4

4− [46]. The band allocated at 877 cm−1 was corre-
sponded to Si–O–2NBO stretching for Ce-doped glass (C5)
but not observed for undoped glass (C0). Accordingly, the
addition of Ce2O3 to the glass composition acted mainly as
a network modifier thus disrupts the silicate network and

Fig. 1 DSC and TGA of C0 a and C5 b dry gel samples

Fig. 2 XRD patterns of C0 and C5 glass samples
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increased the number of non-bridging oxygens (NBOs)
[47]. The NBO promotes glass leaching which is considered
beneficial in enhancing apatite formation thus increase
bioactivity [48]. Si–O–Si asymmetric stretching vibration
was noted at 1087 cm−1 and 1085 cm−1 for C0 and C5
glasses, respectively [6]. The shoulder remarked at about
1220 cm−1 was attributed to Si–O–Si bending mode [49].

3.5 In vitro bioactivity and degradation assessment

A widely used method for assessing the capability of a
material to bond to living bone tissue is its ability to form a
bone-like apatite layer on their surface upon immersion in
SBF. This bone-like apatite layer enables the materials to
make direct contact with human bone living cells. Figure 5
shows the SEM and EDX analysis of the surface of the C0
and C5 samples before and after immersion in SBF for
15 days. Before SBF immersion SEM shows that their

surfaces were heterogeneous. Their corresponding EDX
spectra show a large amount of Si and a small amount of Ca
and P for both samples. Signals of Ce atom was also
observed for C5 confirming their presence in the glass
matrix. After 15 days of SBF immersion SEM showed
aggregation of spherical particles on sample surfaces. The
corresponding EDX spectrum of the newly formed surface
layer showed high concentrations of Ca and P in compar-
ison to Si for both samples. The Ca/P molar ratios were
found 1.98 and 1.76 for C0 and C5, respectively. The Ca/P
ratio of C5 was closer to the stoichiometric hydroxyapatite
ratio (1.67) than C0 sample. However, a modification of the
glass with cerium did not alter the in vitro bioactivity of the
glass; on the contrary, the bioactivity was enhanced by
cerium addition, and this was evident from Ca2+ and Si4+

ions concentrations in SBF. However, a presence of Ce in
melt glass was found to suppress the in vitro bioactivity [12,
14] due to formation of less soluble CePO4 crystals on the
glass surface. In the case of sol-gel glass, it is characterized
by much higher surface area and pore numbers than the melt
glass, and it shows a high reactivity in the body fluid. In our
case, cerium was increased the number of NBOs (as con-
firmed by FTIR analysis), and so, the reactivity of glass
surface was increased in SBF to form the apatite layer.
Thus, we able to add higher percentage of cerium (up to 5
mole%) than that added to previously prepared sol-gel
glasses [7] without altering the glass bioactivity.

The change of pH of C0 and C5 was investigated by
measuring pH values of incubated SBF at predetermined
times. Figure 6a shows the variation of SBF as a function of
time after immersing in SBF solution up to 15 days. It can
be noted from the figure that the changes in the pH values of
SBF incubated samples C0 and C5 were approximately
similar. The pH values increased during the first day of
immersion to 7.64 and 7.58 for C0 and C5, respectively.
This was as a result of a rapid ion exchange between Ca2+

and H+ or H3O
+ in SBF solution which caused an increase

Fig. 3 TEM micrographs a and
b for C0 and C5, respectively,
and diffraction pattern c for C5
glass

Fig. 4 FTIR spectra of C0 and C5 glass samples
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Fig. 5 SEM micrographs accompanied by EDX analysis of the samples C0 and C5 before (a, b, respectively) and after (c, d, respectively)
immersion in SBF for 15 days

Journal of Materials Science: Materials in Medicine (2019) 30:18 Page 7 of 15 18



of hydroxyl groups in the solution, and so, rising of fluid
pH. This exchange resulted in breaking of Si–O–Si glass
network bonds and formed silica-rich layer composed
mainly of SiOH (silanol) groups on the glass surfaces. This
newly formed layer possessed the affinity to attract Ca2+

and PO4
3− from the surrounding solution and subsequently

formed bone-like apatite crystals [50]. pH values were
almost constant between 2 and 8 days, while, they
decreased to 7.04 and 7.28 for C0 and C5, respectively, at
the end of incubation period. This decrease attributed to the
formation of the apatite layer on the glass surface.

The change of concentrations of Ce, Ca, P, and Si ions in
SBF were also investigated as a sign of hydroxyapatite
formation on the glass surfaces. Figure 6b–d shows the
cumulative concentration of Ca, P, and Si ions in SBF
solution incubated C0 and C5 glasses. Moreover, the

cumulative concentrations were fitted with the square root
of time (the figure is not shown) to calculate the ions release
rates. The concentration of Ce ions released into the solu-
tion was too low to be measured (<1 ppm). It can be noted
from the figure that all ions were released in a two-stage
profile. The first stage was a rapid release stage which was
observed between 1 and 4 days. The second stage was a
slow release stage which occurred from 4 days to the end of
the immersion time. A fast first stage release rate can be
assigned to the dissolution of different ions from the glass
surfaces into SBF, while, a slow second stage release due to
the precipitation of the calcium phosphate layer on their
surfaces [50]. The concentration of Ca2+ ions in SBF
incubated C0 was higher than that incubated C5 glass. That
was because of a more depletion of Ca2+ ions in formation
of calcium phosphate crystals in case of the fluid incubated

Fig. 6 pH a value of SBF solution and cumulative concentrations of Ca, P, and Si ions (b–d, respectively) released from samples C0 and C5 into
SBF solution up to 15 days

18 Page 8 of 15 Journal of Materials Science: Materials in Medicine (2019) 30:18



C5 glass. However, the difference in the cumulative Ca2+

ions concentrations was insignificant (p > 0.05) at 1 day, but
they became significant at 2 and 4 days during the first
release stage, where, the computed rates were 383.8 and
177.8 ppm.d−0.5 for C0 and C5, respectively (Table 2),
whereas, the difference became significant (p < 0.05) in all
times during the second stage (the release rates were 113.1
and 63.7 ppm.d−0.5 for C0 and C5, respectively). The
release profiles of P ions from C0 and C5 glasses were
almost typical. The first stage release rates were 32.6 and
28.2 ppm.d−0.5 and they were in the second stage 15.0 and
15.9 ppm.d−0.5 for C0 and C5, respectively. The con-
centration of Si4+ ions in SBF incubated C5 was higher than
that incubated C0 glass which indicated a higher bioactivity
of C5 glass surface than C0 one. The higher reactivity can
be ascribed to higher number of NBOs generated the glass
network by Ce addition. The calculated release rates of Si4+

ions in the first stage were found to be 8.0 and 9.5 ppm.d−0.5

and in the second stage they calculated as 2.4 and 4.6 ppm.d
−0.5 for C0 and C5, respectively

3.6 Cytocompatibility evaluation

Figure 7 shows the results of viability tests of human lung
fibroblast normal cell line (WI-38 cells) incubated with as
prepared glass powders as a function of powder con-
centrations 0, 7.8, 15.6, 31.25, 62.5, 125, 250, 500, and
1000 µg/ml. The percentage of viability was determined by
the ratio between the number of surviving cells in the
medium exposed to the powder sample concentration and
the number of surviving cells in a control medium. The
results demonstrated that both glasses improved the growth
conditions for cells which might reduce the stress on the
cells. At low concentrations (0–31.25 µg/ml), the viability
differences were in significant between C0 and C5 glasses,
while, the differences became significant (p < 0.05) at high
concentrations (62.5–1000 µg/ml). Where, C5 glass showed
a significant higher viability than C0 glass. This can be
elucidated by the degradation results. Aforementioned
results showed that Si4+ ions concentration released into
SBF from C5 was higher than that released from C0. Si4+

ions are known to adhere rapidly to fibroblast membranes
[51], and consequently, C5 glass has improved the cell
viability more than C0 glass. However, a high glass powder

concentrations were decreased significantly the viability as
a result of a high ions release from the glasses. CC50 for C5
glass was 909 µg/ml, while for C0 it was 682 µg/ml. Thus,
addition of Ce to the glass increased the viability of cells.

Figure 8 shows inverted microscope images of human
lung fibroblast normal cell line (WI-38 cells) with and
without bioactive glass samples (C0 and C5) after incuba-
tion of the cells for 24 h at 37 °C. At concentration 250 µg/
ml, both samples shows minimum cytotoxic effect, while at
higher concentrations (500 and 1000 µg/ml) morphological
changes were observed. In C5 sample morphological
changes were smaller than that for C0.

3.7 Antibacterial activity

Antibacterial activity of C0 and C5 glass powders against
gram negative bacteria (Escherichia coli and Pseudomonas
aeruginosa) and gram positive bacteria (Bacillus subtilis
and Staphylococcus aureus) was examined by measuring
their inhibition zones diameters (IZD) (mm). Table 3 pre-
sents the inhibition zone diameter (mm) of both glasses
against different bacteria used in this study. In general, both
glass samples showed antibacterial activity against all stu-
died bacteria. C0 sample demonstrated a weak effect on
Bacillus subtilis (14.0 mm), while, its effect on Staphylo-
coccus aureus was slightly increased to 16.0 mm. The
highest effect of C0 glass was found for gram negative
bacteria (Pseudomonas aeruginosa and Escherichia coli)
with 19.0 and 20.0 mm, respectively. In contrast, C5 glass
showed a weak effect on Staphylococcus aureus (14.0 mm),
while it gave a moderate effect on Bacillus subtilis and

Table 2 The release rates (ppm∙d−0.5) of P, Ca, and Si ions from the
samples C0 and C5 into SBF

Ca P Si

1st stage 2nd stage 1st stage 2nd stage 1st stage 2nd stage

C0 383.8 113.1 32.6 15.0 8.0 2.4

C5 177.8 63.7 28.2 15.9 9.5 4.6

Fig. 7 Viability of normal human lung fibroblast cells (WI-38 cells)
exposed to different concentrations (0, 7.8, 15.6, 31.25, 62.5, 125, 250,
500, and 1000 µg/ml) of C0 and C5 glasses powders after 24 h incu-
bation. The cytotoxicity was determined by MTT assay. P-value
obtained by Student’s t-test (*P < 0.05, **P < 0.005, and ***P <
0.0001)
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Pseudomonas aeruginosa providing equal inhibition zone
diameter (17.0 mm), whereas, it donated the highest effect
on Escherichia coli (21.0 mm). These results deduced that
the antibacterial activity did not depend on a modification of
the glass by cerium addition. It was likely due to a presence
of boron in both glasses. Boron demonstrated notable
antibacterial activity against a wide range of pathogens
(bacteria, yeast, and fungi) [18, 19]. Interestingly, beside a
development of bioactivity and cell stimulation by addition
of cerium to the glass, addition of boron to the both glasses
displayed showed a remarkable antibacterial activity against
different kinds of bacteria.

Fig. 8 Inverted microscope
images of human lung fibroblast
normal cell line (WI-38 cells)
with and without glass
nanoparticles (C0 and C5) after
incubation of the cells for 24 h at
37 °C. a control WI-38 cells
without glass particles. b–d are
WI-38 cells with glass C0
concentration of 250, 500, and
1000 μg/ml, respectively. e–g
are WI-38 cells with glass C5
concentration of 250, 500, and
1000 μg/ml, respectively).
Magnification: ×40

Table 3 Inhibitory activity of C0 and C5 against different types of
bacteria (zone of inhibition in mm)

Type of bacteria Inhibition
zone
diameter
(mm)

C0 C5

Gram Negative Bacteria Escherichia coli 20.0 21.0

Pseudomonas aeruginosa 19.0 17.0

Gram Positive Bacteria Bacillus subtilis 14.0 17.0

Staphylococcus aureus 16.0 14.0
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3.8 Drug delivery

Figure 9b shows the percentage of ciprofloxacin loaded on
C0 and C5 samples. From the figure it can be noted that
sample C5 was loaded with significantly higher drug per-
centage (81.5 %) than that of sample C0 (76.7 %). As a
consequence, the addition of Ce on the glass increased
ciprofloxacin uptake. This can be explained by the ability of
ciprofloxacin molecules (Fig. 9a) to coordinate through
pyridone oxygen and one carboxylate oxygen to the metal
[52]. Moreover, the drug molecules likely bond to the glass
surface via hydrogen bonding formation between silica-rich
layer (SiOH groups) and ciprofloxacin function groups (–
OH, N–H, and –C=O).

Different parameters were studied for ciprofloxacin
release (as a drug model) from glass nanoparticles. They
included the type of carriers by modification of glass with
Ce and the type of immersing media by incorporation
phosphate ions and/or superoxide species (H2O2) to inves-
tigate the efficacy of this drug delivery system in different
environment. Figure 9c, d represents the drug release in
phosphate-free (tris-HCl buffer) and phosphate-contained
(PBS) solutions with/without H2O2 as an oxidative reagent.
Additional abbreviations were added to glass codes to
indicate the type of solution in which the sample was
immersed (H=H2O2). In general for all samples, the drug
release profiles occurred by a sustained manner in two
stages; the fast release stage which arose during the initial
12 h of soaking, it caused by the release of physically
attached drug molecules at the glass surface. This stage
followed by the slow release stage up to the end of incu-
bation (168 h); it produced by the release of penetrated drug
molecules inside glass pores. The percentages of drug
released after 12 h of incubation were 32, 25, 35, 36, 33, 30,
36, and 36% (Table 4), while that released at the end of
immersion time were 69, 52, 80, 83, 76, 72, 85, and 80% for
C0-Tris, C5-Tris, C0-Tris-H, C5-Tris-H, C0-PBS, C5-PBS,
C0-PBS-H, and C5-PBS-H, respectively. Additionally, the
range of drug release amounts after 12 h of immersion was
0.19–0.30 mg/ml. Which is higher than the minimum inhi-
bition concentration of ciprofloxacin for different pathogens
[53]. The following paragraphs represented the effect of
each parameter on the drug release profile.

3.8.1 Effect of Ce addition to the glass

The plotted graphs revealed that the drug release was
obviously affected by modification of glass with Ce addi-
tion. Ce-modified glass (C5 sample) showed lower drug
release percentage when compared to Ce-free glass
(C0 sample) in the same soaking medium. But, the differ-
ences decreased for PBS with and without H2O2. As pre-
viously mentioned, ciprofloxacin has high affinity to form

complexes with several metals and rare earth metals by
forming ligand to the metal through the pyridone oxygen
and one carboxylate oxygen [52]. Therefore, ciprofloxacin
can be more attracted to the glass surface via coordination
with Ce ions, and so, its detachment from glass surfaces
became hard compared to Ce-free glass. On the other hand,
there was a possibility to form hydrogen bonding between
silanol (SiOH) groups formed on the glass surface in the
aqueous medium and ciprofloxacin function groups (–OH,
N–H, and –C=O). The silanol groups excite at silicate
glass-water interface by hydrolysis of Si–O by either H+ or
H3O

+ ions, specifically, non-birding oxygens (NBOs) have
kinetically greater ability to be hydrolyzed and form SiOH
groups. As mentioned before in FTIR spectra, addition of
Ce (C5 sample) increased the number of NBOs in the glass
network, and consequently, the number of formed silanol
groups was higher in aqueous medium for C5 than C0 glass.
In this case, the drug can be formed more hydrogen bonding
and more stacked to C5 surface than C0. Accordingly, drug
loading and release can be tailored and controlled by
adjustment of glass with cerium.

3.8.2 Effect of H2O2 addition to the soaking media

Presence of H2O2 in the immersion fluids increased the
percentage of drug release, but did not alter the drug release
profile (Fig. 9c, d). This effect was more influential in the
phosphate-free fluid (tris-HCl buffer) than that included
phosphate ions (PBS). It was observed that the color of Ce-
modified glass powders (C5 sample) was changed from pale
yellow to deep yellow-orange color when immersed in
solutions included H2O2 after few hours of immersion, and
this color continued throughout the whole soaking time.
This color change was likely attributed to the oxidation of
Ce3+ (pale yellow) on the glass surface to Ce4+ (yellow–
orange) [54]. This was an indication for the oxidizing action
of H2O2 and the catalytic ability of Ce on the glass surface
to decompose H2O2. This reaction mechanism can be
showed as follows: [55]

2Ce3þ þ H2O2 þ 2Hþ ! 2H2Oþ 2Ce4þ ð1Þ

2Ce4þ þ H2O2 ! 2Ce3þ þ O2 þ 2Hþ ð2Þ

2H2O2 ! O2 þ 2H2O ð3Þ

Therefore, H2O2 can be decomposed by Ce3+ to H2O
according to Eq. 1 and form Ce4+ ions on the glass surface
which in turn destroyed H2O2 to O2 and H+ according to
Eq. 2. These two reactions can be summated to give reac-
tion in Eq. 3. This catalytic cycle of Ce was almost decrease
or discarded the ligand capacity of ciprofloxacin molecule
to Ce ions on the glass surface. Moreover, according to Eqs.
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Fig. 9 Percentage of loaded drug a. Ciprofloxacin chemical structure
b, cumulative percentage of drug release in tris-HCl buffer and PBS
with/without H2O2 (c, d, respectively) and corresponding data linear
fitting with Higuchi model (e, f, respectively) of C0 and C5 glass

nanoparticles. Additional abbreviations were added to glass codes to
indicate the type of solution in which the sample was immersed (H=
H2O2)
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1, 2, and 3, Ce presented on the glass surface was disin-
tegrated 2 moles of H2O2 to give 2 moles of water and 1
mole of oxygen molecules. By this way, the concentration
of water molecules was increased at the glass surface and
sequentially increased glass dissolution. On the other hand,
these water molecules likely weakened the hydrogen bond
developed between glass surface and drug molecules.
Where, hydrogen bonds can be formed between drug
molecules and these water molecules instead of forming
such bonds between the glass surface and drug molecules.
All of these circumstances can facilitated drug release from
the solutions including H2O2, and this explained a higher
drug release in these solutions.

3.8.3 Effect of phosphate ions in the soaking media

Likewise, the drug release profiles of different samples did
not altered as a result of presence of phosphate ions in the
soaking solutions. However, the percentage differences of
released drug were reduced regardless the consistence of
H2O2 in the solution (Fig. 9d). This can be explained by the
affinity of ciprofloxacin molecule to form an ionic bond
between the negatively charged phosphate ion presented in
the solution and the positively charged piperazine ring in
ciprofloxacin molecule. This hypothesis was derived from
previous works which showed the interaction rout of
ciprofloxacin with phosphate group in phospholipids [56–
58]. From another side of view, Ce atoms have a tendency
to bond with phosphate species and forms insoluble CePO4

crystals which increased the glass surface durability [12]. At
the same time, they inhibited the contact of H2O2 with Ce
on the glass surface, and so, preventing its decomposition
efficacy by Ce-modified glass surface. Furthermore, for-
mation of such crystals decreased the coordination cap-
ability of ciprofloxacin with Ce ions. These conditions
caused a relatively high release in phosphate buffer
solution.

3.8.4 Drug releasing kinetics

The mechanism of drug release was investigated by linear
fitting of the data with Higuchi model [40] (Fig. 9e, f).

The degree of linearity was determined from regression
coefficient (R2), Higuchi constant, k (h−0.5) calculated as
well and represented in Table 5. For all samples, R2 values
were found to be >0.9 (except for C5-PBS-H, it was <0.9)
which indicated that the release mechanism was con-
trolled by Fickian diffusion. The highest R2 values were
calculated for C0-PBS-H (0.957), while the lowest one
was found for C5-PBS-H (0.881), and consequently, the
solution kind influenced the release mechanism of the
drug. Moreover, the drug release rate was affected dom-
inantly by glass type specifically in the solution free from
hydrogen peroxide and phosphate ions. C5 showed the
lowest drug release rate (3.92 h−0.5) in tris-HCl buffer
(C5-Tris sample), but it showed the highest release rate
and nearly twice multiplied (7.16 h−0.5) when it immersed
in PBS contained hydrogen peroxide (C5-PBS-H sample).
Accordingly, the drug release kinetics was influenced by
the composition of glass carriers and the environment of
soaking medium.

4 Conclusion

In the present study a new novel nano-bioactive glass
contained B and Ce was prepared successfully. The influ-
ence of Ce-doping on bioactivity, cytocompatibility, anti-
bacterial activity, and ciprofloxacin delivery were
investigated. Furthermore, the effect of soaking medium
nature on ciprofloxacin release behavior was examined.
Where, phosphate-free (tris-HCl buffer) and phosphate-
containing (PBS) solutions with/without H2O2 were used to
mimic the drug release in ROS environment. Ce addition
improved hydroxyapatite formation and cell viability. In
addition, Ce-free and Ce-doped glasses were showed anti-
bacterial activity against different kinds of bacteria. This
was assigned to the presence of boron in both glasses.
Ciprofloxacin release behavior was affected by a presence
of H2O2, especially for Ce-doped glass, while the phosphate
species showed a slight influence. We concluded from this
study that effect of oxidative stress on the drug release
behavior have to be taken into consideration, specifically
when antioxidant materials used as drug carriers.

Table 5 Higuchi constant, k (h
−0.5), and regression coefficient
(R2) calculated from Higuchi
model

C0-Tris C5-Tris C0-Tris-H C5-Tris-H C0-PBS C5-PBS C0-PBS-H C5-PBS-H

k (h−0.5) 5.12 3.92 7.05 6.69 5.54 6.33 6.64 7.16

R2 0.942 0.927 0.905 0.955 0.939 0.908 0.957 0.881

Table 4 The cumulative % of
released drug from C0 and
C5 samples into Tris, Tris-H2O2,
PBS, and PBS-H2O2 after 12 h
and 168 h of immersion

C0-Tris C5-Tris C0-Tris-H C5-Tris-H C0-PBS C5-PBS C0-PBS-H C5-PBS-H

12 h 32 25 35 36 33 30 36 36

168 h 69 52 80 83 76 72 85 80
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