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AbstractSurface treatment of sol-gel bioglass is required to increase its biomedical applications. In this study, a
dielectric barrier discharge (DBD) plasma treatment in atmospheric pressure was performed on the surface of [SiO2-
CaO-P2O5-B2O3] sol-gel derived glass. The obtained bioglass was treated by plasma using discharge current 12 mA
with an exposure period for 30 min. The type of discharge can be characterized by measuring the discharge current
and applied potential waveform and the power dissipation. Apatite formation on the surface of the DBD-treated and
untreated samples after soaking in simulated body fluid (SBF) at 37 oC is characterized by Fourier transform infrared
spectroscopy (FTIR), X-Ray diffraction (XRD), inductively coupled plasma (ICP-OES) and scanning electron micros-
copy coupled with energy dispersive spectroscopy (SEM/EDS). We observed a marked increase in the amount of apa-
tite deposited on the surface of the treated plasma samples than those of the untreated ones, indicating that DBD
plasma treatment is an efficient method and capable of modifying the surface of glass beside effectively transforming it
into highly bioactive materials.
Keywords: Dielectric Barrier Discharge, Plasma Surface Treatment, Sol-gel Bioglass, Hydroxyapatite

INTRODUCTION

Bioactive glass is one of the biomaterials most used as implants
for bone repair because of its high ability to facilitate the growth of
hydroxycarbonate apatite (HCA) layer on its surface after implan-
tation in a physiological environment [1]. The formation of HCA
layer on the surface of biomaterials accelerates living tissue reac-
tions to implanted material and facilitates additional attachment of
cells, tissue growth factors and biomolecules [2]. Over the last few
years, the main objective of most studies was to improve and accel-
erate body response to bioglass, which was carried out by several
means such as adjusting its composition, changing preparation
method, and using physical methods to modify the surface with
no change in its original features. Therefore, more techniques have
been developed [3-8] to modify the surface properties of bioglass,
thereby helping to increase the apatite growth on its surface and
thus enhancing the biocompatibility of these implants.

Bioactivity of glass can be regulated by changes in its chemical
composition. However, the activation of bioactive glass in this study
is controlled with surface treatment without any compositional
changes. The range of composition is restricted since the change
in chemical composition leads to variation in mechanical strength
of the material and biocompatibility [3].

Erasmus et al. studied the effect of high temperature on crystal-

lization and fabrication of porous bioactive glass sample, which con-
sequently reduced its bioactivity [4]. Mačković et al. used flame spray
method to produce 45S5 bioactive glass nanoparticles in which a
mean particle size in the range of 20-60 nm was obtained [5]. 3D
nanocomposite chitosan/bioactive glass scaffolds were fabricated by
the sol-gel method by Lemos et al., where the results showed an
increase in mechanical strength and bioactivity after the addition
of bioactive glass, which was more pronounced when using the
nanoscale bioactive glass. Khairy et al. prepared bioactive glass with
B2O3 additive after which the samples showed less bioactivity at
high boron content [7]. Yue et al. used a combination of chemical
cross-linking and physical freeze-thawing methods to synthesize
borate bioactive glass/PVA hydrogel composite with high strength
[8]. Shaikh and Kedia treated 45S5 bioglass surface using femto-
second laser giving samples with high bioactivity [9]. So, there exists
a requirement for a method to adjust the surface of glass samples
to enhance its bioactivity. Here, we state our results of the current
study we did on a number of bioactive glass samples that were pre-
pared by sol-gel method and treated using a novel DBD plasma.

Despite the fact that biomedical sciences use lower-pressure plasma
techniques more frequently instead of atmospheric-pressure, the
latter is the most common, particularly in the field of plasma medi-
cine. This field depends on the utilization of atmospheric plasma
directly in living tissues, wound dressing, cancer therapy and other
curative purposes [10]. Among the atmospheric pressure plasma
sources, DBD is largely generally used in this field. DBD has sev-
eral applications such as industrial ozone generation, surface modi-
fications and sterilization of bacterial cells [11]. DBD can be per-
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formed between two electrodes (the anode and cathode), one of
them wrapped by a dielectric layer. The electrical attributes of DBD
are subjected to several parameters such as the series capacitance
contributed by the dielectric and varying air gap sandwiched by the
electrodes, the frequency of the discharge voltages and dielectric
material. At atmospheric pressure, the gas is ionized resulting in the
formation of positive ions and free electrons [12].

Physical and chemical properties of material surface appreciably
affect adhesion, wettability, anticorrosion, friction and light reflec-
tion [13]. Low-temperature and low-pressure oxygen plasma treat-
ments are important for various reasons: they allow adjustment of
the surface layers up to a profundity of a few nanometers from the
surface without affecting the bulk properties of the substrate [14,15],
they can attain the suitable surface polarities, damage to the sample
can be avoided by treatment at low temperature [16], they are envi-
ronmentally friendly [17], and they present new research fields, espe-
cially in biomaterial sciences.

More studies have been devoted to the application of surface
treatment of plasma to tissue engineered scaffolds, especially in poly-
mer and bioactive glass polymer composite. Simon et al. treated
bioglasses and polymer composites with an air atmospheric pres-
sure plasma process, and the formation and growth of HCA layer
on the sample's surface took place [18]. Luo et al. treated 3-dimen-
sional braided carbon fiber/polyetheretherketone (C3D/PEEK) com-
posites by DBD plasma and found that the roughness increased,
water contact angle decreased, new oxygen-containing functional
groups were created on C3D/PEEK composite and a dense apatite
layer formed which improved its bioactivity compared with the
untreated samples [19]. In another study, biodegradable PLGA
(70/30) films and scaffolds were treated with oxygen plasma and
their results indicated that the apatite formability of this polymer
was enhanced and apatite distribution became better in plasma-
treated scaffolds than in untreated scaffolds [20]. In addition, Leb-
ourg et al. proved that plasma was highly effective in the accelera-
tion of apatite deposition on polycaprolactone sheets after plasma
treatment when soaked in simulated body fluid [21]. Although
there have been several studies on the bioactive glass, the effects of
plasma treatment to the surface of bioactive glass without adding
polymers are not frequently given. Therefore, our aim was to deter-
mine the effects of DBD plasma treatment on the growth of hy-

droxyapatite layer on the surface of SiO2-CaO-P2O5-B2O3 sol-gel
derived glass. The bioactivity test of plasma-untreated and treated
samples was carried out in-vitro by soaking in simulated body
fluid (SBF) at 37 oC for 15 days.

MATERIALS AND METHODS

1. Generation and Characterization of DBD Plasma
A schematic diagram of dielectric barrier discharge (DBD) for

treatment of bioglass samples is shown in Fig. 1. The discharge was
produced between two parallel plate electrodes, one covered by
Pyrex glass and porous material plate with thickness 1.2 mm and
radius 15 cm as a dielectric. The gap space between parallel plates
was 2mm. Oxygen plasma was sustained using the AC power sup-
ply (1-18kV) operated at 50Hz connected with the system. The elec-
trical diagnostics of DBD was obtained by measuring the waveform
of the discharge current and the Lissajous figures with applied poten-
tial across R=100, C=5F and potential divider (R1=100 M,
R2=100 k). The signals from plasma were displayed on the digi-
tal storage oscilloscope. The power dissipation was calculated by
measuring the charge on a 5F capacitor connected in series with
the discharge chamber [22]. The bioglass with composition SiO2-
CaO-P2O5-B2O3 could be treated at 12 mA discharge current and
the duration time of exposure for 30 min.
2. Bioglass Preparation and Characterization
2-1. Materials

Triethyl phosphate, [TEP, OP(OC2H5)3] as P2O5 source, Calcium
nitrate tetrahydrate [Ca(NO)3·4H2O] as CaO source, Tetraethyl
orthosilicate [TEOS, Si(OC2H5)4] as SiO2 source and Boric acid
[H3BO3] as B2O3 were purchased from (Fluka). Nitric acid, 65%,
and ammonia solution, 35%, were purchased from Merck, USA. All
chemicals were obtained at 98% analytical grade. Ethanol C2H5OH
was used as the solvent to prepare the sols and nitric acid as a cat-
alyst. Both nitric acid and ammonia solutions were diluted to 2 M
using distilled water.
2-2. Sample Preparation

The ternary gel glass system containing 70 wt% SiO2 - 6 wt%
P2O5 - 24 w% CaO was prepared by quick alkali-mediated sol-gel
method and used as the control material [7]. B2O3 was added to
bioglass compositions at the expense of SiO2. Table 1 lists the nomi-

Fig. 1. Schematic diagram of the DBD experiment.
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nal compositions and abbreviation of the prepared bioglass. Bio-
glass compositions were expressed after addition by the formula:
[(70-X) SiO2-6P2O5-24CaO-(X) B2O3, X=0, 15 and 25 wt%]. Ini-
tially, TEOS and 2 M nitric acid (as a hydrolysis catalyst) were pro-
gressively mixed in the presence of ethanol and distilled water. Then,
the mixture was continuously stirred at room temperature for about
45 min to complete the hydrolysis and condensation reactions. The
water to alkoxide molar ratio was fixed at 1/12 and water to nitric
acid volume ratio was fixed at 1/6. The following reagents were
added in sequence, permitting 45min for each reagent to react com-
pletely: Ca (NO)3·4H2O and (TEP).

Boric acid was dissolved in distilled water separately; the molar
ratio of water to H3BO3 was fixed at 15 : 1 at 40 oC for 30 min [23]
under continuous stirring for the acid hydrolysis of H3BO3. Then
we added this mixture to the first one. After the final addition, the
mixtures were stirred for about 1 hr at room temperature to com-
plete hydrolysis (clear sol). The final mixture was aged at room
temperature for four days. Excess ammonia (2 M) solution (a gela-
tion catalyst) was dropped into the acid sol in an ultrasonic water
bath until gelation resulted. The obtained gel was stirred with glass
rod (as a mechanical stirrer) to avoid forming a bulk gel. Finally,
the resulting gel was kept at 120 oC for two days in a drying oven
to remove the residual water and ethanol. The dry gel powders were
calcined at 600 oC in air for 2 h to obtain stabilized glass according
to the results of the thermal analysis showed by Tohamy et al. [7].
The heating rate of calcinations was fixed at 10 oC/min up to 600.
2-3. Sample Characterization

X-ray powder diffraction data were obtained using (XRD-model-
Bruker AXS D8 ADVANCE), [Cuk=1.54056 Å] radiation. The
prepared samples were milled in an agate mortar before testing. The
operating conditions of X-ray tube were 40 kV and 40 mA, second-
ary monochromator settings in the 2 ranged up to 70o at a step
width of 0.02o with a count time of 0.4 s per step. The pattern was
compared with the International Centre for Diffraction Data
(PCPDFWIN Version 2.2 database of spectra and thus could be
qualitatively identified, and Miller indexing (hkl) of the observed
peaks. FTIR collected spectra of bioglass before and after immer-
sion in SBF for 15 days were obtained at room temperature in the
range of 4,000-400 cm1 with a resolution of 2 cm1; using a Perkin-
Elmer Model 580 IR spectrometer. The untreated and treated-
plasma powder samples were mixed with previously dried KBr
ratio of approximately 1 : 100. The mixture was then pressed into a
transparent disc under 5 ton/cm2. The surface morphologies of the
specimens were observed by scanning electron microscope (SEM)
(model XL30, Philips) operated at accelerating voltage of 30 kV.

SEM micrographs were obtained after coating the specimens with
a thin layer of gold because of the poor electrical conductivity of
the specimens, using Edwards 5150 sputter coating, England, ampli-
fication image up to ×1,400 and its determination was (10m).
The surface chemical analysis was carried out by energy disper-
sive X-ray spectroscopy (EDS) analysis. The wettability test of bio-
glass surface before and after plasma treatment was evaluated by
water contact angle measurement. The contact angle is represented
as the angle at which a liquid/vapor interface meets a solid surface.
Sessile drop technique is used to calculate water contact angle by
distilled water used as testing liquid at room temperature and rela-
tive humidity (23 oC and 50%, respectively). A 5L is the volume
of the droplets for each test and droplets were kept for 30 s to reach
a steady state before the measurement. At least three readings were
taken for each sample during measurement and standard devia-
tions were calculated from the mean value.
2-4. In-vitro Bioactivity of Bioglass in Simulated Body Fluid (SBF)

To evaluate the bioactivity of the prepared bioglass, the standard
SBF solution with a composition close to that inorganic part of human
plasma was prepared according to Kokubo’s method. Reagent-
grade chemicals were dissolved together in appropriate amounts of
distilled water [24]. Each powder and disc forms of the obtained
bioglass with and without plasma treatment was placed in one
sterilized polyethylene bottle filled with SBF by a solid to liquid
ratio of 10 mg/mL [25]. The samples were kept in this solution at
37 oC with pH 7.4 in a shaking-water bath for 15 without refresh-
ing the immersing solution. The specimens were then removed
from the SBF solution, rinsed with deionized water to prevent fur-
ther reactions, and dried in air.

A 20 mL of SBF solution was taken from each sample and stored
at 4 oC for inductively coupled plasma optical emission spectrome-
ter (ICP-OES; Perkin Elmer 2100 OPTIMA DV, USA) analysis of
Ca and P to determine the ionic concentration in SBF solution.
The concentration was measured as a function of immersion time
(1, 5, 10 and 15 days) using ICP. Each of these sample solutions
was measured three times. The surface changes were then investi-
gated through XRD, SEM, EDS, and FTIR techniques to deter-
mine the apatite-forming ability of bioglass with and without plasma
treatment before and after soaking in SBF.

RESULTS AND DISCUSSION

1. DBD Plasma Characterization
1-1. Voltage-current Waveforms of O2 Gas Discharge

The rates of processes of production of charged particles is influ-

Table 1. The bioglass composition (weight ratio, %) and system abbreviation
X wt%
B2O3

SiO2 P2O5 CaO Before soaking
in SBF (Gxb)

After soaking
in SBF (Gxa)

After soaking in SBF with
plasma treatment (GTxa)

00 70 6 24 G0b0 G0a0 GT0a0

15 55 6 24 G15b G15a GT15a

25 45 6 24 G25b G25a GT25a

The compositions were abbreviated as Gxb and GTxa, where (G) represents the glass, (x) indicate the ~%wt of the B2O3, (T) represents with
treatment plasma, (b) represents before soaking in SBF and (a) represents after soaking in SBF
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enced directly by the waveform current of discharge. Fig. 2(a) shows
waveforms of the applied potential to the discharge and the cur-
rent of discharge at 2.0 mm reactor gap. The amplitude of the peak
current is 5 mA and its rise time is about 3.5 msec, the current
pulse magnitude in the quadrant of a cycle. The discharge current
increase and the discharge voltage stable across the discharge gap,
were attributed to increasing the ionization level to induce the for-
mation of a cathode fall across the gap. Many electrons in the dis-
charge gap were reversed sufficiently for producing the next break-
down under the low electric field, and thus for sustaining the atmo-
spheric pressure glow discharge (APGD) [26].

By increasing the applied potential the discharge transition from
the APGD to the filamentary discharge is shown typically in Fig.
2(b). The filamentary discharge has a large number of breakdown
channels which were called (micro discharge) in the current wave-
form of plasma produced. From this figure, the current waveform
consists of some filamentary with a duration time=3.5 msec. The

different discharge regimes can be observed in O2 plasma DBD such
as the filamentary start to form inside the gap when the applied
potential reaches the onset voltage value [27,28].
1-2. The Power Dissipation in the Discharge Measurements

The average discharge powers as functions of the applied poten-
tial for both glass and porous dielectrics are shown in Fig. 3. The
power dissipation into plasma can be calculated from the Lissajous
figures. The power increases from 5 W to 32 W by increasing in
the applied potential increase from 5 kV to 12.2 kV. The increase
of the applied potential leads to an increase in the number of micro-
discharges. Consequently, the average discharge power increases
[29]. The discharge characteristics of the glass and porous dielec-
trics show that the discharge powers were mainly by the permit-
tivity of the dielectric materials. The optimum condition for DBD
with glass and porous dielectrics can be summarized in Table 2.
2. Characterization of Untreated and Plasma-treated Bioglasses
2-1. Surface Wettability

The water contact angle of bioglass was calculated to estimate
the surface wettability of untreated and plasma-treated sample, as
shown in Table 3. As can be noticed, all values of water contact
angle before and after treatment were less than 90o, the water wets
the surface and spreads over it (wettable), indicating a hydrophilic
nature of the surface [30]. Furthermore, these results show that con-
tact angle after plasma treatment was reduced significantly from
75 to 41, 70 to 32 and 64 to 38 leading to the surface of glass being
more hydrophilic with good wettability. This increase in wettabil-
ity is an important cause of induced growth of the apatite layer due
to the formation of polar groups onto the surface of bioglass [31,32].

Fig. 2. Discharge current-voltage waveform in O2 discharge at d=1 mm and f=50 Hz, (a) Vap=5 kv (b) Vap=12.2 kv.

Fig. 3. The relation between applied voltage and power dissipation
in O2 discharge.

Table 2. Optimum condition of DBD plasma for treatment of bio-
glass surfaces

Vapp 12.2 KV
Discharge current 12 mA
Power dissipation 32 W
Discharge type Mixed from filamentary and glow discharge
Gas type Oxygen
Dielectric capacitor 7.5F
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JCPDS cards (HCA, 82-1943). There is also a low diffraction peak
observed at 2 value 29.3o which is assigned to (104) reflection of

This occurs as a result of the destruction of some Si-O bonds and
alkali ions removal at the surface by DBD plasma, which enhances
the generation of chemically active dangling bonds and hydroxyl
groups at the surface of the silicon layer, thereby enhancing physi-
cal and chemical interactions between sample and biological fluid
[33].
2-2. XRD

The observed XRD spectra before in vitro studies for all bio-
glasses without plasma treatment are shown in Fig. 4, which exhibit
a dominant vitreous structure. All bioglasses have a broad amor-
phous halo beside the presence of a small diffraction peak for G0b

and G15b but disappeared for G25b. These peaks can be assigned to
amorphous calcium phosphate phase (ACP) with chemical for-
mula Ca4O (PO4)2. This effect may be correlated with the assump-
tion that ACP is precipitated after rapid mixing of aqueous solutions
containing ions of calcium and orthophosphate [34].

The XRD spectra of untreated and plasma-treated bioglass after
soaking in SBF for 15 days are shown in Fig. 5. In all plasma-un-
treated samples after soaking in SBF (Fig. 5(a)), three small peaks
appear at 2 values of 22.8o, 31.8o and 32.96o, which can be ascribed
to (111), (211) and (300) reflections of hydroxylcarbonate apatite
phase (HCA), together with a peak at 25.75o ascribed to the (002)
reflection of calcium-deficient HCA according to the standard

Table 3. Water contact angle  (in degree) (mean and standard deviation) of droplets on bioglass surfaces and apatite layer percentage formed
on bioglass surface obtained with roughness analysis before and after plasma treatment

Sample
Plasma-untreated Plasma-treated

Water contact angle () Apatite Percentage (%) Water contact angle () Apatite Percentage (%)
00 75±0.40 67.91 41±0.50 83.11
15 70±0.16 79.71 32±0.34 95.43
25 64±0.50 48.62 38±0.70 75.19

Fig. 4. XRD patterns of untreated-plasma bioglass before soaking
in SBF.

Fig. 5. XRD patterns of untreated (a) and plasma-treated (b) bioglass after soaking in SBF.
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calcite (CaCO3) according to the standard JCPDS card no (calcite,
81-2027) [35].

By comparing XRD patterns of the treated bioglass with those
of the untreated one after soaking in SBF, as shown in Fig. 5(b),
the intensity of the characteristic peaks associated with (002, 211
and 300) planes in treated samples is obviously stronger compared
with the XRD patterns for the untreated samples, which is partic-
ularly evident in GT15a sample. This means that a higher growth
of apatite layer occurs on the bioglass surface after being treated
with DBD plasma. This variation in the amount of HCA layer for-
mation on bioglass surface, before and after plasma treatment, takes
place via the difference in dissolution and precipitation processes
[36]. Therefore, nucleation site and crystal growth of the HCA phase
are increased by increasing water contact angle leading to the sur-
face of the sample being more wettable, thereby facilitating ionic
interactions between bioglass surface and body fluid [37].
2-3. FTIR

Fig. 6 shows the FTIR spectra, in the range ‘from 400-2,000 cm1’,
of untreated-plasma bioglass powder before soaking in the SBF
solution. Sample (G0b) boron-free, reveals characteristic absorption
bands of silicate network located at 465 cm1 (symmetric bending),
800 cm1 (Si-O symmetric stretching of bridging oxygen atoms
between tetrahedrons), 940 cm1 (Si-O stretching of non-bridging
oxygen atoms), and 1,070 cm1 (Si-O-Si symmetric stretching).
Furthermore, the absorption bands located at 562 cm1, 1,050 cm1

and 1,212 cm1 are related to a phosphate group and, respectively,
ascribed to (P-O bending), (the symmetric bending vibration of
PO4

3) and (the symmetric vibration of the P=O group) [38-40].
The band located at 680 cm-1 which is present in G15b and G25b is
related to Si-O-B bending vibrations of B-O groups, which are not
seen in boron-free G0b sample [41].

Also, the band located at 800 cm1 can be assigned to Si-O (BO),
which gives a decrease in the intensity as B2O3 concentration is
increased. Furthermore, a band appears at 940 cm1, which is at-

tributed to Si-O stretching in [SiO4]4 tetrahedral units with three
non-bridging oxygen (3NBO) atoms and silanol group in G0b sam-
ple. On the other hand, this band appears obviously as a small
shoulder due to linkages of B-O stretching vibration in BO4 units
with NBO atoms, and its intensity increases with increasing B2O3

contents in G5b and G25b samples [42-45].
The 1,085 cm1 band appears as a shift of 1,048 cm1 band and

covers contributions to form three bands. The first band is the
symmetrical stretching vibration band of Si-O bond tetrahedral

Fig. 6. FTIR spectra of untreated-plasma bioglass before soaking in
SBF.

Fig. 7. FTIR spectra of plasma (a) untreated and treated (b) bioglass after soaking in SBF.
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units. The second is B-O bond-stretching vibration band of BO4

units from tri-, tetra- and penta-borate groups. Besides, the third is
a symmetrical stretching vibration band of PO3

2 terminal groups
from pyrophosphate species [46]. The high frequency bands around
1,430 cm1 increase with increasing of B2O3 in samples containing
CaO. These bands indicate the presence of NBOs, which should
have the forms of metaborate chains and rings, pyroborate and
orthoborate groups [47], as shown in Fig. 6. A broad band located
around 1,420 cm1 is assigned to C-O stretching vibration mode in
a carbonated group (CO3

2) [48]. In addition, a band appearing at
1,640 cm1 is assigned to the bending mode of molecular water [7].

The FTIR can be used to verify the formation and growth of
the apatite layer at the surface of the plasma-untreated and treated
bioactive materials. In fact, taking into account that the apatite
layer is characterized by the P-O bending vibration bands at 560
and 604 cm1 and the P-O stretching vibration bands between
1,000 and 1,150 cm1 [49]. The FTIR spectra of bioglasses after 15
days of soaking in SBF solution are shown in Fig. 7. In all plasma-
untreated BG samples after soaking in SBF (Fig. 7(a)), amorphous
P-O band located at 563 cm1, observed in all samples before soak-
ing, split into two small bands at 564 cm1 and 602 cm1 after soak-
ing in SBF. These two bands are assigned to crystalline P-O binding
vibration mode of PO4 group tetrahedra, thus indicative of the for-
mation of a phosphate layer and prompt development of the sur-
face apatite layer [50]. In addition, they appear with a higher degree
of splitting and intensity after plasma treatment than those before
plasma treatment. Moreover, P=O band located at 1,212 cm1

appears as a small shoulder before plasma treatment. This band is
increased in intensity and more well-defined after plasma treat-
ment. Meanwhile, the carbonated band located at 1,420 cm1 is
resolved in three bands (1,390, 1,421 and 1,460 cm1) in all sam-
ples with and without treatment after soaking in SBF. These bands
confirm the incorporation of carbonate ions from the solution in
the apatite lattice, signifying the higher amount of carbonated apa-
tite layer formed on the surface of bioglass samples. FTIR results
are in agreement with other works [51-53].

The FTIR spectrum of the bone powder gives information about
the crystallinity of the bone mineral-like apatite crystals. The con-
centrations of crystalline and amorphous apatite are calculated by
Termine and Posner [54], known as percent crystallinity. The split-
ting factor (SF) (crystallinity index) of the prepared samples was
calculated by drawing a baseline from 530-630cm1 and then meas-
uring the heights of the 602 cm1 (A) band and 563 cm1 (B) band
and dividing the sum value by the height of the hollow between
them (C), corresponds to empirical formula (A+B)/C proposed by
Weiner and Bar-Yosef [55].

Fig. 8 shows the difference in (SF) between glass samples with
and without plasma treatment. After being soaked in SBF for 15
days, the SF values of glass sample after plasma treatment are higher
than the sample before plasma treatment. These results suggest that
the apatite-like layer formed on bioglass surface with plasma treat-
ment possesses high crystallinity other than these samples with-
out plasma treatment. This indicates that plasma treatment leads
to enhancement of crystal growth of an amorphous calcium-phos-
phate phase, caused by destruction of some Si-O bonds and alkali
ions removal. Therefore, the chemical stability of the system is dis-

turbed, which causes a rearrangement of the bonds in the sample
surfaces and increases the surface negativity of bioglass samples
[56]. As a result, these groups act as sites of apatite nucleation, which
facilitates the re-precipitation rate of Ca2+ and P5+ ions on the sur-
face increased, and hence the formation rate of crystalline HCA
phase is elevated.
2-4. In-vitro Dissolution in SBF Solution

The SBF solutions of the in-vitro analysis are examined by ICP-
OES in order to describe Ca and P ions concentration. This analy-
sis allows us to understand the ionic interactions between surface
chemical groups of bioglass samples and the SBF solution. Fig. 9
shows the elemental concentrations of Ca and P of the SBF solu-
tions containing untreated and plasma-treated samples, as a func-
tion of soaking time at 37 oC. It shows the profiles of degradation
process of glass pellets in SBF. As Fig. 9 shows, before plasma treat-
ment, Ca concentration in SBF solution increases from 103 to 320,
260 and 310 ppm for G0a, G15a and G25a samples, respectively, in
five days of soaking and then decreases gradually until the end of
evaluating period. On the other hand, after plasma treatment, Ca
concentration increases from 103 to 200, 175, and 230 ppm for
GT0a, GT15a and GT25a samples, respectively, during the first day
of soaking and then decreases continuously until day 15. More-
over, P concentration decreases gradually from 33 ppm to 11, 9 and
7.5 ppm for G0a, G15a and G25a treated samples, respectively, in 15
days of soaking, while P concentration of untreated samples de-
creases from 33ppm to 5, 4 and 5.5ppm for GT0a, GT15a and GT25a,
respectively.

In general, the initial increase in Ca concentration is due to its
release from the soaked sample. While, the subsequent decrease in
Ca and P concentration is due to the precipitation of Ca and P
ions, creating an apatite layer at the sample surface [57]. Dissolution
curves show that the decrease in concentration of calcium and
phosphorus ions with soaking time in treated samples is higher

Fig. 8. SF values for all glass samples after soaking in SBF for 15 days
with and without plasma treatment. The baseline was drawn
from approximately 630-530 cm1 for all heights.
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than that of untreated samples. As is also evident, Ca concentra-
tion decreases after one day for all treated samples but in untreated
samples it showed a decrease after five days. The number of Ca
ions and timing of their migration from SBF solution to bioglass
surface during precipitation process depends on whether their sur-
face is plasma-treated or not. The early decrease in calcium ions
concentration of treated samples is due to the large number of apa-
tite nuclei formed rapidly on bioglass surface which, in turn, over-
came the dissolution rate of Ca ions to the SBF solution [58]. This
result clearly indicates that the rapid growth of apatite layer depends
on the reaction between SBF and bioglass surface, which in turn
has been affected by plasma treatment.

The apatite layer formation on bioglass surface involves three
steps: ion exchange, dissolution, and precipitation. It is governed
by the nucleation and crystal growth of particles during soaking

period in the SBF solution [59]. These steps mainly depend on sur-
face chemistry and morphology of the implanted bioglass [37].
Therefore, DBD plasma treatment can reduce the time taken to
perform these three steps and thus accelerate nucleation and growth
rate of an apatite layer on bioglass surface [60]. The results suggest
that plasma treatment provides the hydrophilic properties to bio-
glass surface, thus allowing ions of SBF to interact with polar groups
on the surface during formation of an initial site of apatite deposi-
tion [61]. These results are in agreement with the XRD, FTIR and
surface wettability results.
2-5. SEM and EDS

The SEM micrograph of plasma-untreated bioglass G15b before
soaking SBF is shown in Fig. 10(a). The micrograph of the bioglass
before soaking exhibits a relatively smooth surface without crack-
ing and non-porous. The EDS analysis of bioglass surface results is

Fig. 9. Variation of calcium and phosphorus concentrations in the SBF solution with soaking time before and after plasma treatment.

Fig. 10. (a) SEM image of prepared G15b sample before soaking in SBF. (b) EDS patterns of glass G15b sample before soaking in SBF.
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in good agreement with the nominal composition of the as-pre-
pared bioglass given in Table 1.

SEM micrographs of plasma-untreated and treated bioglass sam-
ples after soaking in SBF solution for 15 days are shown in Fig. 11,
12. After soaking in SBF, modifications of plasma-untreated and
treated bioglass surfaces are observed and the changes in ionic con-
centrations obtained by EDS analysis are recorded (Fig. 10(b), 13).
The surface roughness of the sample was estimated using the SWXM
program to show appreciable differences in the surface of treated

and untreated-plasma samples after immersion in SBF solution [62].
After being soaked in SBF, the surfaces of all plasma-untreated

samples were coated with cotton-like growth layer, composed of
numerous spherical particles. These spherical particles are formed
by small crystalline aggregates with particle size ranging from about
0.86-1.7m for each sample (Fig. 11). EDS spectra of this layer
were observed to have a remarkable increase of calcium and phos-
phorus concentration, together with a significant decrease of the
predominant silicon elements (Fig. 13). The decrease of silicon ions

Fig. 11. (Top) SEM images of the bioglass samples G0a, G15a and G25a. (Bottom) The same SEM images after treatment with the flooding algo-
rithm in SXWM software. The blue areas represent the free-apatite sample surface.

Fig. 12. (Top) SEM images of the bioglass samples GT0a, GT15a and GT25a. (Bottom) The same SEM images after treatment with the flooding
algorithm in SXWM software. The blue areas represent the free-apatite sample surface.
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concentration with increasing Ca and P ions concentration sug-
gests the formation of an apatite-like phase [38,63].

Moreover, compared with SEM micrographs taken for bioglass
samples soaked in the SBF solution after plasma treatment for 30
min (Fig. 12) shows that there is a higher amount of an apatite layer
precipitated on the surface of the samples. All samples fully cov-
ered with tiny spherical apatite particles with aggregates of approx-
imately 10-15m in size were observed in different zones. The
different morphologies give an indication of different precipitation
of Ca and P ions present in these samples to form an HCA layer
as previously mention by XRD and FTIR.

Another evidence to confirm the formation of an apatite layer
on the bioglass surface sample before and after treatment is the
EDS technique. Fig. 13 shows the data of EDS, where the spectra
of these samples are compared. It is obvious that the both Ca and
P peaks are enhanced for the DBD plasma-treated sample. Hence,
the formed bone-like apatite layer is better distributed throughout
the plasma-treated samples than the untreated samples [19,20].

A quantitative estimation of the apatite-covered areas is possible
by employing the roughness analysis together with the flooding
method algorithm in the SWXM software which allows the sepa-
ration between the apatite phase and the bioglass surface. The blue
areas in Fig. 11, 12 stand for the bioglass-free apatite areas. From
Table 3, the values of the apatite percentage of plasma-treated sam-
ples GT0a, GT15a and GT25a samples (~83.11%, 95.43% and 75.19%,
respectively), are much higher than that of plasma-untreated sam-
ples GT0a, GT15a and GT25a samples (~67.91%, 79.71% and 48.62%,
respectively).

However, the addition of boron oxide beyond 25% has shown
to lower the formation of an apatite layer (Table 3). The merit of
plasma-treatment is clearly revealed in the enhancement of the
apatite amount for the 25% boron sample from ~49% (before treat-
ment) to ~80% (after treatment). Therefore, the plasma-treated
samples, interestingly, combine the high percentage formation of
apatite together with the high boron content in the sample.

The enhancement of apatite formation, which is evidenced by
the obvious differences after plasma treatment, is due to the affected
sample surface by DBD plasma and makes it a relatively rough sur-
face. This increases the exposed surface area (i.e., increased num-
ber of interaction sites) and thus increases nucleation density at
the surface, which facilitates the apatite-forming ability on the less

bioactive glass surface [9]. A similar finding was reported by Qu et
al. who declared that oxygen plasma treatment enhanced the num-
ber of negative charge and roughness of material’s surface and in-
creased their apatite nucleation ability when immersed in SBF [20].
Hence, it will be possible to improve the bioactivity of different glass
compositions, which is difficult to increase its bioactivity by other
methods, for example, by adding some elements in their composi-
tion leading to changes their physical and mechanical properties
and thus affect their bioactivity. Therefore, we recommend using
plasma treatment for such materials to control the surface treat-
ment, while keeping the bulk properties unchanged.

CONCLUSION

The electrical characteristics of DBD were studied to determine
the suitable conditions for effective operation of the DBD to the
treatment of bioglass surface. Hence, controlled surface modifica-
tion of bioglass was successfully established in atmospheric pres-
sure at low temperature using DBD plasma. The observed changes
in plasma-treated bioglass surface were quite different from those
detected for untreated samples and were also confirmed by sur-
face wettability, XRD, FTIR, dissolution test (ICP-OES), SEM and
EDS. Water contact angle was reduced significantly after plasma
treatment, leading to the surface of glass being more hydrophilic
with good wettability. XRD analysis revealed that the typical dif-
fraction patterns of the crystalline hydroxyapatite appeared with
strong peaks on BDB plasma treated samples. Furthermore, FTIR
results confirmed the appearance of relatively intense of doublets
crystalline P-O bands, which are related to the formation of an
apatite layer on BDB plasma treated bioglass. The dissolution test
showed an early decrease in Ca ion concentration, which indicates
the rapid formation of apatite nuclei formed on the treated sam-
ples that overcame the dissolution rate of Ca ions to the SBF. The
SEM micrographs assured generation of microstructures on the
bioglass samples after plasma treatment, which increases the sur-
face roughness and hence the exposed surface area of the sample.
This facilitates the apatite-forming ability on the less bioactive glass
surface and uniform growth of HAP. However, obtained results
show the high reactivity of the bioglass treated with DBD plasma
after soaking for 15 days in SBF solution. DBD plasma surface treat-
ment thus can be used as a potential technique enabling high growth

Fig. 13. EDS patterns of the layers formed on the bioglass samples G15b, G15a and GT25a.
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of good quality apatite phase deposited on this type of bioglass sam-
ples. Hence, new possibilities can be opened to enhance the bioac-
tivity of the less bioactive glass by using DBD plasma to control
surface treatment while maintaining bulk properties remain un-
changed.
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